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Abstract
Earthquakes can significantly warp coastlines and induce sudden changes in relative sea level.
Along the northeast coast of New Zealand’s South Island, a 7.8 Mw earthquake on the 14
th
of November 2016 induced instantaneous uplift of approximately 1 m around the Kaikōura
Peninsula, and deformation along 110 km of coastline. This uplift induced a relative sea level
fall, and two years after the earthquake, mixed sand and gravel (MSG) beach responses have
now been documented. The overarching aim of this thesis is to further understand how MSG
coastal environments respond to a large tectonic events where there is an earthquake-induced
change in relative sea level, using the Kaikōura Earthquake as a case study.
As a baseline from which to understand the MSG beach response, pre-earthquake trends of
18 profiles along the Kaikōura coastline were calculated and a cluster analysis of geomorphic
parameters was undertaken to determine the within-type variations of MSG beaches within
the study area. Common post-earthquake surveying techniques were analysed using both pre
and post-earthquake data to determine the most appropriate method of surveying following
an event that causes deformation of the geodetic system. Global Navigation Satellite System
(GNSS) surveying equipment was then used to re-survey 18 beach profiles, and sedimentology
data was collected using Digital Grain Size (DGS) analysis methods, at the same locations as
pre-earthquake data for comparability. Methodology investigations identified that following an
earthquake, damage to the geodetic system can make obtaining short-term data difficult. Such
data, therefore, is either rarely collected because of the complexities involved, or data is collected
knowing there will need to be future pre-use adjustments. A mixed method approach, using
both Digital Elevation Models (DEM) generated by Light Detection and Ranging (LiDAR) data
and beach profile surveys, was determined to be the most appropriate approach to use in a post-
earthquake coastal environment, given the complimentary spatial and temporal attributes of
these two techniques.
The results of this study showed that Kaikōura beaches can be classified into three within-type
variations: (1) accretionary South Bay beaches; (2) open coast and rivermouth beaches; and
(3) narrow and steep beaches. The three different within-type beach groups then responded
to the earthquake in similar ways, as revealed by resurveys in both 2017 and 2018. Volume
increase, progradation and berm redevelopment relative to sea level occurred at all profiles that
were resurveyed in January 2017. However, these responses between within-type variations
had altered again by the September 2018 re-survey. Conceptual response pathway models
were developed using the results from the beach surveying collected in this study, combined
with historical response studies to inform a longer term response. Predominantly, there were
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two main response pathways: (1) accretional and (2) erosional. The conceptual models detail
that the rate at which the beaches respond following the earthquake depends on the amount
of sediment supply at a profile, as well the environmental conditions which were driving pre-
earthquake long-term trends at the different profiles. Overall, profiles which had a long-term
accretionary trend pre-earthquake are predicted to take longer to return to pre-earthquake
profile extents, whilst profiles which showed pre-earthquake erosional trends tend to very rapidly
erode back to their pre-earthquake extent and shape. The latter types of profile began to to
return to their pre-earthquake extent within the first two years of the Kaikōura event.
Prior to this research, few studies have examined in detail the field response of MSG beaches to
instantaneous changes in relative sea level, especially in the initial years following an earthquake.
Furthermore, there has been no commonly accepted protocol identifying a best-approach to
surveying coastal environments following earthquakes. Poorly informed ideas of how coastal
systems respond to earthquakes can result in poor resource management decisions, which can
have significant impacts on coastal communities for many future decades. This research has
contributed to bridging this knowledge gap, by developing a best-approach method to coastal
surveying post-earthquake, as well as in acknowledging the errors which can be involved in
both collection and processing. The results of this study have contributed to the response
model of MSG beaches to earthquakes and to relative sea level fall by addressing the short-
term responses. Future research includes the continued monitoring of the 18 beach profiles to
bridge the temporal gap between this study and Single’s (1985) long-term response model.
ii
Mixed sand and gravel beaches of Kaikōura, 19th August 2018. Photo credit: K MacDonald
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8.4 Implications for Kaikōura coastal resource management . . . . . . . . . . . . . . 132
8.5 Surveying in post-earthquake environments . . . . . . . . . . . . . . . . . . . . . 134
8.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135
9 Conclusions 137
9.1 Key findings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137
9.2 Limitations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
9.3 Future research . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
Appendices 157
A Site descriptions for Environment Canterbury beach profiles . . . . . . . . . . . 157
B Methods for calculating geomorphic paramters . . . . . . . . . . . . . . . . . . . 176
C Methods for calculating environmental parameters . . . . . . . . . . . . . . . . . 179
D Sedimentology results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
vi
List of Figures
2.1 MSG beach morphology and zonation. Adapted from Kirk (1980). . . . . . . . . 8
2.2 Classification of rivermouth environments based on process agents dominating
the interface environment, showing Hapua lagoons to be wave dominated envi-
ronments. Taken from Hart (2007). . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.3 Morphological states of a hapua environment. Behavioural change over time
depends on wave and river influences, closing and breaching the gravel barrier.
Taken from Hart (2009). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.4 Profile response of an uplifted beach where there is a relative sea level fall. As
the beach responds, the berm reforms relative to sea level. Adapted from Single
(1985). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.5 Aftershocks in the Canterbury Earthquake Sequence (CES) following three main
earthquake events, which highlights the decay in frequency and magnitude of
aftershocks following the event. Aftershocks were still occurring over 400 days
after the initial earthquake in September 2010. Taken from Shcherbakov et al.
(2012). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.1 18 Environment Canterbury beach profile sites, which have been surveyed annu-
ally from 1997–2015, and used for analysis in this study. Contains data sourced
from the LINZ Data Service. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
3.2 The Kowhai River historically flowed across the fan beneath the Mount Fyffe
catchment. The mouth was once located on the northern side of the Peninsula
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New Zealand is a tectonically activity country due to its location on the Australian and Pacific
plate boundary. Despite the known seismic risks surrounding the high density of populations
living near New Zealand coastlines, few studies have looked at how unconsolidated environments
on coasts respond to a change in relative sea level following an earthquake event, and more
specifically, mixed sand and gravel (MSG) beaches (Single, 1985; Paterson, 2000; Olson, 2010;
Hart et al., 2015; Brown, 2017). While subsidence following an earthquake can accelerate
relative sea level rise and increase the flood hazard in low lying developments (Hart et al.,
2015), seismic uplift can have a temporary positive effect, where the backshore is elevated
and more material is supplied to the subaerial beach profile, creating a impermanent buffer
for the effects of sea level rise and masking previously known erosional trends at a coastline
(Single, 1985). Following an earthquake event with significant uplift, there is a common public
misconception that uplift of a coastline will suppress or eliminate long-term coastal hazards
such as erosion, sea level rise and flooding associated with low lying developments. An example
of this misconception was seen in 1931 following the 7.8 Mw Napier earthquake, where an area of
the coastline was uplifted and a backshore lagoon was drained as a result (Single, 1985; Komar,
2010). Poor understanding of the long-term response of MSG beaches at the time resulted in the
newly uplifted land being used for residential development. 50 years on from the earthquake,
Single (1985) noted in his research the erosion of the coastline which was beginning to effect the
residents who lived on this uplifted land, as the nearshore had eroded back to pre-earthquake
conditions, and the subaerial beach profile began to erode. An erosional scarp was 20 m away
from residential houses and threatening the coastal development. The long time period between
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the event and the response of the beach means that often a historic event is not attributed to
a modern problem, especially in such a dynamic and changing environment. Other studies
on the MSG beaches of the Wellington coastline have shown that over 150 years on from the
Wairarapa 8.2 Mw earthquake in 1855 the coastline is still responding (Olson, 2010). The the
aim of this research is to further our understanding of how MSG coastal environments respond
to a large tectonic events where there is an earthquake-induced change in relative sea level, to
further inform the existing response model which only addresses beach response on a historical
time scale. This research uses the Kaikōura MSG beaches, and the 14th of November 2016
earthquake as a case study to record and analyse the short-term geomorphological changes.
The public and government misconception of the impacts of earthquakes on coastal systems is
largely due to the lack of data which can properly inform longer term response models. There is
a greater understanding now of the long-term response of these beaches following earthquakes
(Single, 1985; Olson, 2010), however fewer studies detail the beach changes in the immediate
aftermath of the event to the decadal response period (Stanley, 1968; Villagran et al., 2013).
There are various issues which accompany the collection of data in the short-term following
an earthquake, including the prioritising of recovering infrastructure, the threat of subsequent
hazards from the event, as well as the process of adapting common surveying techniques and the
geodetic system to the post-earthquake environment (Winefield et al., 2010). Earthquake events
are unpredictable and infrequent, and therefore the short time frame for data to be collected
following a significant event which causes enough change to prompt data collection, on a human
time scale, is rare. In the past decade, the South Island has been affected by the Canterbury
Earthquake Sequence (CES) from 2010 (Duffy et al., 2013), and more recently, the 7.8 Mw
November 14th 2016 Kaikōura Earthquake (Clark et al., 2017). Prior to these earthquakes, the
only earthquake located in a densely populated centre which caused significant deformation and
destruction was the 1931 Napier earthquake. The advancement of technology since the Napier
earthquake means that some techniques used for cadastral surveying (property boundaries)
or for council monitoring, had never been tested in a post-earthquake environment in New
Zealand, where the changes to the geodetic system were so significant that geodetic marks
previously used for surveying could not be used. Furthermore, there is no commonly accepted
post-earthquake surveying protocols in a coastal environment. This thesis will explicitly address
this issue by analysing a series of different post-earthquake techniques on their suitability and
ability to contribute useful data for post-earthquake analysis.
The mixed sand and gravel (MSG) beaches of Kaikōura sit on a high wave energy, tectonically
active coastline. Similar to many New Zealand beaches, it is located in close proximity to an
actively uplifting and eroding mountain range, which provides large amounts of sediment to
2
the coastline for nourishment. When the sediment reaches the coastline from the catchment,
the high wave energy of the coastline transports the sediment alongshore, nourishing a coast
of MSG beaches and hapua environments. Globally, MSG beaches are typically found at high
latitudes where glacial debris and tectonics play a vital role in influencing the geomorphology
of the coastline. This beach type is common along the East Coast of New Zealand, as well
as the West Coast of the South Island. As noted by Jennings and Shulmeister (2002), there
may be within-type variations of MSG beaches, as there is with sand beaches (Short, 1979), in
which the geomorphic characteristics of the beach fall within the category of MSG beach, but
small variations in environmental conditions acting on a profile are reflected in the differences
in the geomorphic properties of a beach. The commonality of these beaches in tectonically
active environments, and New Zealand, means that this beach type is likely to be subjected to
tectonic events and subsequent changes in the future, and therefore there is a vested interest
in understanding how this beach type responds to changes.
This research will use Kaikōura as a case study, for a tectonically active area with MSG envi-
ronments that underwent tectonic deformation on the 14th of November 2018 in a 7.8 Mw earth-
quake. Deformation from the event lead to approximately 1 m of uplift around the Kaikōura
Peninsula (Stephenson et al., 2017; Clark et al., 2017), and as a result there was a fall in relative
sea level. This study will aim to better inform a short-term response model, in which details
how MSG beaches respond to a change in relative sea level. Currently, only long-term morpho-
dynamic trends are understood, and are informed using historical, low resolution data. This
study will highlight the complexities involved in collecting data after an earthquake which can
effectively inform a short-term conceptual response model along an entire stretch of coastline
which varies in environmental conditions and geomorphic properties. A thorough investigation
of the Kaikōura Coastline, both pre and post-earthquake is undertaken to ensure that coastal
resource management decisions are well informed as the Kaikōura region moves forward with
its recovery.
1.2 Research aims and objectives
As previously stated, the aim of this research is to further understand how MSG coastal en-
vironments respond to a large tectonic event when there is an earthquake-induced change in
relative sea level. In order to develop a conceptual response model, investigations into pre-
earthquake coastline trends, as well as appropriate post-earthquake surveying techniques are
undertaken to inform the collection and analysis of post-earthquake survey data. The overall
aim of this thesis is achieved through the following three objectives:
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Objective 1 To establish the pre-earthquake long-term trends of the unconsolidated coastal
environments in Kaikōura, through the means of geomorphology and sedimentology.
Objective 2 To evaluate post-earthquake surveying techniques and the data captured through
the use of different methods.
Objective 3 To identify what the short-term responses are in a MSG coastal environment
following an earthquake-induced change in relative sea level.
These objectives were achieved using the study area of Kaikōura, and the November 14th
2016 earthquake as a case study for a tectonic event which induced a change in relative sea
level. To address Objective 1, parameters for a series of 18 beach profiles are determined and
used for a classification of MSG beaches to identify within-type variations of MSG beaches
along the Kaikōura coastline, and the associated environmental conditions which influence the
geomorphology of these profiles before the earthquake.
To address Objective 2, common post-earthquake techniques using remotely sensed data, in-
cluding LiDAR and aerial imagery, are applied to the Kaikōura coastline to identify what
information can be extracted from these surveys to inform geomorphic beach response after an
earthquake.
Having identified the pre-earthquake coastal trends, and undertaken method development to
determine a ‘best-approach’ post-earthquake data collection technique, Objective 3 is addressed
by analysing post-earthquake surveying data. Key geomorphic parameters such as volume,
shoreline and beach shape are used to inform the short-term geomorphic response of different
within-type variations of MSG beaches, to determine the predominant trends following the
earthquake. This information will then be used to inform various conceptual response pathway
models to illustrate the short-term responses of the Kaikōura beaches.
1.3 Thesis structure
This chapter has introduced the research topic and identified the research objectives for this
study, and has outlined the structure of this thesis.
Chapter 2 provides a summary of literature surrounding coastal processes and geomorphology of
MSG coastal environments, as well as how these environments are known to respond to changes
in relative sea level, and how this information is collected in a post-earthquake environment.
Chapter 3 will provide and overview of the Kaikōura study area, including the environmental
parameters acting on the area, and the geological history of the region.
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Chapter 4 will identify the methods used for this study to achieve the overall aim of this thesis.
Chapter 5, 6 and 7 are used to address the three research objectives in turn.
Chapter 8 discusses the conceptual response pathways informed by this study, and identifies
the implications of this research in a resource management context.
Chapter 9 summarises the findings of this research, states the limitations of this study and





This chapter will provide a broad overview of the types of MSG coastal environments present
in the Kaikōura study area, including MSG beaches and hapua lagoons. It will also examine
literature which addresses coastal geomorphic responses to earthquake events, and more specif-
ically, how MSG beaches respond to relative sea level fall. Finally, this chapter will look at
different surveying techniques in a post-earthquake environment, and how these techniques can
be applied in a coastal setting.
2.2 Mixed sand and gravel coastal environments
MSG coastal environments in the Kaikōura study area are inclusive of both beaches and river-
mouth barriers enclosing small coastal hydrosystems, known as hapua lagoons (Hart, 2007).
Whilst both of these environments differ significantly in term of process and response, they
are both composed of a wide range of sediment size, from sand to boulder (Kirk, 1980; Hume
et al., 2016). The environments are usually indicative of a high energy wave climate, where
MSG environments found on the east coast of the South Island are subject to the East Coast
Swell Environment (Davies, 1964). Jennings and Shulmeister (2002) suggests that there is a
relationship between sediment supply, wave regime and beach shape, alluding to the fact that
the Kaikōura coastline is subject to a high energy wave climate and is supplied with a wealth of
sediment from the Kaikōura Seaward Ranges, and therefore can produce MSG environments.
The following will look at what determines these environments to be defined as MSG beaches
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and hapua lagoons, and the process/response regime working in these environments.
2.2.1 Mixed sand and gravel beaches
A coarse clastic beach is a broad brush term for a series of variations of beaches in which their
composition is inclusive of gravel. The difference between a sand and a coarse clastic beach
is primarily determined by the sediment composition of the beach. Sand beaches comprise of
sediment ranging from 0.0625 mm (very fine sand) to 2 mm (coarse sand), whilst various coarse
clastic beaches can contain a range of sediment sizes from 0.0625 mm (very fine sand) to > 2 mm
(gravels) (Wentworth, 1922). Comparatively, coarse clastic beaches are less commonly studied
than sand beach types, as they are plentiful at high/low latitudes, such as New Zealand, Canada
and Alaska, where there is a high wave energy and cold climate (Buscombe and Masselink,
2006). These beaches are often located away from cities, making it a less attractive setting
to undertake research than warmer, calm sand beaches located closer to cities. Coarse clastic
beaches require either glacial processes to supply sediment to the nearshore for reworking, or a
high magnitude of nearby mountain erosion where sediment is supplied from the mountains to
the coast by rivers (Jennings and Shulmeister, 2002). Jennings and Shulmeister (2002) suggest
that coarse clastic beach types can be divided into three categories: pure gravel, composite, and
MSG. A composite beach contains sand and gravel, but is hydraulically sorted into two parts,
with a gravelly backshore and a sand beach face and nearshore (Karunarathna et al., 2012). A
MSG beach is mixed in sediment size and composition both horizontally and vertically across the
whole profile (Kirk, 1980; Jennings and Shulmeister, 2002). MSG beaches are, relative to other
beach types, typically neglected in international coastal research (Mason and Coates, 2001).
However, existing literature surrounding MSG beaches is highly localised to New Zealand, in
particular Hawke’s Bay (Single, 1985; Paterson, 2000; Ivamy and Kench, 2006; Komar, 2010;
Dickson et al., 2011; Brown, 2017), the Canterbury Bight (McLean and Kirk, 1969; Kirk, 1969)
and Kaikōura (McLean and Kirk, 1969; McLean, 1970; Kirk, 1975; Dawe, 1997, 2001).
Morphology of a MSG beach is variable within its own classification, but overall differs from
a pure gravel or composite beach (Jennings and Shulmeister, 2002). Jennings and Shulmeister
(2002) stated that MSG beaches could have within-type variations, but there was no evidence
to suggest that it would change from MSG to pure gravel or composite following an event.
The composition ratio of sand to gravel in a MSG beach shows variability when documented
in literature, from 50% sand (McLean, 1970), to 30% sand (Pontee et al., 2004), to anywhere
between 15–68% sand (Mason and Coates, 2001). Kirk (1980) proposed that there were four
main morphological zones on a MSG beach. As shown in Figure 2.1, these zones are: (1)
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Figure 2.1: MSG beach morphology and zonation. Adapted from Kirk (1980).
backshore; (2) foreshore (3) break point step; and (4) nearshore.
The backshore zone is the area landward of the storm berm, located at the edge of the active
profile. It is often composed of relict sediment (Dawe, 1997), overwash from storms (Kirk,
1980), and often some vegetation. The zone is out of the everyday active beach profile, and
can sometimes be backed by a cliff or a hard structure (eg. seawall) (Pontee et al., 2004). The
backshore is a good indicator of historical long-term change or events, as often there are paleo
terraces present. These are abandoned berms in the backshore due to a change in environmental
conditions, or an event with significant uplift (Orford et al., 1996).
The foreshore comprises of multiple berms, usually one at the landward edge of the zone, the
storm berm, which marks the storm wave runup on a progradational beach. Further down
the profile, subsequent smaller berms form with different wave energy and sediment supply
(Pontee et al., 2004). There is no set number of berms a MSG profile will have, nor is there
a set elevation the berms will commonly appear at, as they usually form at the top of wave
runup, which varies with different beaches depending on slope and wave energy (Jennings and
Shulmeister, 2002). The lower foreshore, which extends out to the break point step, is known as
the ‘swash zone’. Wave energy is concentrated here when it reaches the beach, and as a result
this zone usually contains coarser sediment than the high tide mark (Jennings and Shulmeister,
2002). The swash zone is dominated by swash and backwash of waves, and is the zone on the
profile responsible for longshore gravel sediment transport (Kirk, 1980). MSG beaches have
complex sediment patterns which are not yet fully understood. There is no linear longshore
transport relationship suggesting a decrease in grain size with distance from a sediment source
(McLean, 1970). The micro-tidal (to lower meso-tidal) nature of MSG beach types means that
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there is a narrow zone of wave energy concentration on the foreshore (Kirk, 1980).
The break point step feature, unique to coarse clastic beaches, means the surf zone is confined
to a single line of breakers close to the swash zone (Kirk, 1980). The step, built up of cobble and
gravel, changes at its base to fine sand on the nearshore bed and gives the beach a ‘reflective’
nature, reflecting a considerable amount of wave energy off the beach face (Kirk, 1980; Wright
and Short, 1984). The lack of surf zone means that there is a lack of offshore energy dissipation
(Olson, 2010), and the plunging waves are at a high velocity when they are breaking on the
foreshore, where the energy is then dissipated (Anthony, 2009).
The nearshore environment is the fine sandy bed which extends seaward of the break point step,
gently sloping offshore. There is no periodic onshore–offshore re-circulation between the beach
face and the nearshore environment, in which sediment transport is shore-parallel (Kirk, 1980).
Sediment transport is therefore predominantly alongshore and highly localised to the swash
zone for gravel transport, but fine sediments can be transported in the nearshore environment
with long shore drift. Kirk (1980) stated that Adams (1978) pebble abrasion study lead him
to believe that New Zealand MSG beaches would follow an erosional trend, with an estimated
loss of 3-5% of sediment offshore. Environment Canterbury (2005) showed that the Canterbury
Bight along the Canterbury coastline exhibited an erosional trend, Berger (2017) showed there
were variable trends present along MSG beaches in Kaikōura, as was there varying trends
along the Hawke’s Bay coastline (Carruth, 2017). The beaches’ coarse sediment alludes to the
idea that these beaches are found in high energy environments, in which higher wave heights
are also thought to be associated with erosion (Saville and Watts, 1969), however the long-
term trend is highly dependent on the sediment budget and sediment availability. The lack
of onshore–offshore movement also means that MSG beaches do not respond to storms the
same as sand beach systems which undergo bar building in the nearshore (Pontee et al., 2004),
and the major changes are documented in the subaerial beach profile (Kirk, 1980). The break
point step feature means that if gravel in transported by backwash beyond this zone, it will
likely be lost offshore as it requires a lot of energy to transport gravel over the break point
step. The single breaker line creates a dangerous environment to study the processes in the
nearshore, however as stated by Kirk (1980), because of the lack of onshore-offshore movements,
most changes in the MSG beach environment can be seen in the subaerial profile of the beach.
When considering changes in a MSG beach environment, particular regard should be given
to longshore transport barriers and other interruptions in the swash zone which could hinder
gravel sediment transport in the swash zone.
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2.2.2 Hapua lagoons
Rivermouth environments occur at the interface of freshwater and marine environments, where
the interaction can create complex dynamics and unique interface features. The type of interface
environment is determined by its primary process agent as shown in Figure 2.2, where an estuary
is primarily tide dominated; a delta is river dominated; and a hapua lagoon is wave dominated
(Hart, 2007). There are three main braided rivers located in the Kaikōura area that contribute
sediment to the coastal environment. These are the Kahutara River and the Kowhai River
(south of the Kaikōura Peninsula); and the Hāpuku River (north of the Kaikōura Peninsula).
The rivermouths of all three rivers exhibit complex dynamics as they approach the coastline,
in the form of small hapuas. Hapuas in the past were often grouped with other rivermouth
environments, for example, Hume and Herdendorf (1988) grouped hapua type lagoons with
estuaries, despite hapua lagoons lacking the characteristic of being estuarine, or having tidal
ingress or a tidal prism. The term hapua was introduced by Kirk and Lauder (1994) in an
attempt to distinguish hapua environments from other rivermouth environments. Prior to the
introduction of this term, hapua had been described in multiple studies, especially along the
Canterbury coast, although they were primarily described as freshwater lagoon features (Kelk,
1974; Kirk, 1991; Todd, 1992). Since the introduction of this term, multiple studies have been
undertaken to better understand hapua coastal lagoon environments (Kirk and Lauder, 1994;
Hart, 1999, 2007, 2009; Creed, 2014; Hume et al., 2016).
Figure 2.2: Classification of rivermouth environments based on process agents dominating the interface envi-
ronment, showing Hapua lagoons to be wave dominated environments. Taken from Hart (2007).
The Hume et al. (2016) classification scheme of coastal hydrosystem environments classifies over
550 of New Zealand coastal hydrosystems into different geomorphic classes. In this classification
scheme, hapua type lagoons are recognised as a coastal hydrosystem and are described as
narrow, elongated and shallow rivermouth lagoons that are enclosed by a coarse gravel barrier,
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with a single outlet. They are commonly found on high energy wave dominated coastlines,
with no tidal prism, but can experience backwater effects during high tides (Hume et al.,
2016). The backwater effect is the increase in water level due to a decrease in outlet and
percolation efficiency at higher tidal stages, without any tidal ingress. Hapua lagoons are
primarily freshwater features, which experience saltwater entry by spray and wave over-topping
in storm events (Hart, 2007; Hume et al., 2016), and for short periods post storm breaching,
but not daily.
The cyclical nature of hapua lagoons promotes morphological change of the hapua outlet over
time, as shown in Figure 2.3, and tends to migrate with the longshore drift of gravel along the
coast. The channel migrates alongshore under the influence of fluvial and littoral processes. As
the channel migrates north, it elongates and weakens. A high energy wave or flooding event
will change the course of the outlet by breaching of the barrier as a result of the weak channel
not being able to cope with the outflow of the lagoon (Hart, 1999).
Figure 2.3: Morphological states of a hapua environment. Behavioural change over time depends on wave and
river influences, closing and breaching the gravel barrier. Taken from Hart (2009).
2.3 Coasts and earthquakes
Many low lying coasts situated around the Pacific Ocean along faults lines share the common
subjection to the phenomena of earthquakes, including New Zealand, Japan, China, Indonesia,
America and South America (Hart et al., 2015). Earthquakes of a large magnitude around
the Pacific Rim are not uncommon, where historically earthquakes both onshore and offshore
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have lead to devastation in low lying coastal communities. Literature surrounding coasts and
earthquakes largely focuses on the hazardous nature of earthquake and the impacts of lives,
infrastructure, and the societal recovery following these events (Coburn et al., 1992; Athukorala
and Resosudarmo, 2005; Kazama and Noda, 2012; Doocy et al., 2013). The recordings of
changes in a geomorphological sense in a coastal post-earthquake environment largely coincide
with earthquake events which have induced tsunamis (Pari et al., 2008; Paris et al., 2009; Goto
et al., 2011; Tanaka et al., 2012; Villagran et al., 2013). A significant amount of tsunami
research and its affects on coastal morphology surrounds the 2004 Indian Ocean tsunami (Paris
et al., 2009) and the 2011 Tohoku, Japan tsunami (Udo et al., 2012; Tanaka et al., 2012).
Short-term geomorphological studies following these earthquake events which induced tsunamis
showed that not only were there significant impacts onshore to the coastal, fluvial and interface
systems, but morphologically it was shown that there were also significant changes to the
nearshore topography of the seabed, especially in the wave breaking region (Goto et al., 2011).
The morphological onshore changes were largely a result of erosion caused by initial wave energy
reaching the beaches, but also from the return flow of the water moving back to the ocean,
which deposited eroded onshore sediment into the nearshore bed (Tanaka et al., 2007). Tanaka
et al. (2012) showed in their aerial imagery analysis of the coastline following the 2011 Tohoku
tsunami that the coastline suffered significant erosion, and hard coastal structures which have
spaced gaps resulted in concentrated erosion around these structures. The recovery of these
eroded coastlines back to their pre-tsunami extents and states were found to be dependent
on the available sediment supply. Coasts that have large rivers nearby with good sediment
budgets have appeared to morphologically recover quickly, whereas coasts which do not have
good sediment supplies were found to erode back to rocky shorelines (Tanaka et al., 2012). A
study by Villagran et al. (2013) looked at the morphological response of an erosive sand beach
and accretionary sandy spit following the 8.8 Mw earthquake in Chile, 2010, and its subsequent
tsunami. The two beaches underwent co-seismic deformation, in which the erosional beach
underwent subsidence. The study showed that within three years, the sandy spit had completely
recovered its sediment volume post-earthquake and tsunami, due to the close proximity to the
rivermouth and large sediment supply coming from the catchment, though the rivermouth
outlet had migrated from its pre-earthquake position along the spit (Villagran et al., 2013).
In contrast to this, the pre-earthquake erosional trending beach which experienced 1 m of
subsidence, showed that its erosional trends were accelerated by the relative rise in sea level,
and there was a continuous reduction in beach width following the earthquake three years on
(Villagran et al., 2013).
There is large variation throughout literature suggesting how long it takes for a coast to respond
to earthquakes, and this is likely a result of the different definitions of response in a coastal
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system. As seen in Villagran et al. (2013), three years following the earthquake the sandy
spit was believed to have been recovered, defined by the re-establishment of the subaerial
sediment volume. Single (1985) believed at the time of his study, the Napier coastline was
almost fully recovered from the 1 m uplift on the MSG beach 54 years on from the earthquake;
however, Olson (2010) believed that the Wellington coastline was still recovering from its 1860s
earthquake which generated 6 m of uplift. For Single (1985) and Olson (2010), recovery of the
coastal environment meant the return of a beach back to its pre-earthquake form, with a similar
beach profile to its pre-earthquake profile, which these studies showed occurs on a decadal to
century time scale after the nearshore has recovered from the uplift and also eroded back to pre-
earthquake positions. These studies also considered the response of the nearshore environment
to be driving long-term responses, an important factor to acknowledge when detailing the
recovery of coarse clastic coastal system. Single’s (1985) and Olson’s (2010) studies could have
recorded longer response times also due to the fact they were observing MSG beaches, whilst
Villagran et al. (2013) was observing sand beaches. The finer sediment in a sand beach would
require less energy to move, and therefore morphological response could take place under lower
energy conditions.
New landscapes form in the coastal environment as it responds to a change in relative sea
level. These changes can be a result of the increase in sediment budget due to landslide
debris coming down from a nearby catchment (Ramsey, 2007). Generally finer sediment from
the catchment will reach the coastline before gravels and sands due to the light weight and
mobility of finer sediment. Hart et al. (2015) found that following the CES in 2010, there was
an increased amount of fine sediment in the beach sedimentology samples, and this resulted in
beach scarping and erosion as the fines moved through the coastal system (Hart et al., 2015).
This change was found in the initial months following the earthquake, and by 3 years after the
earthquake, the fine sediments had winnowed out of the beach profiles and moved through the
system. In terms of sedimentology, beaches have shown to recover quickly.
The biological impacts felt from earthquakes and associated relative sea level change in a
coastal environment were first noted by Darwin (1851) where 3 m of uplift on the Chilean coast
had left mussels dead along a rocky coastline. Following the Kaikōura Earthquake, similar
scenarios were seen when intertidal biomes were used to measure the amount of uplift from
the event (Clark et al., 2017). As noted by Marsden et al. (2015), inter-tidal biomes will
migrate following an earthquake to relocate to where their desirable tidal range is. In the 2010
Canterbury earthquake, the southern two thirds of the Avon-Heathcote estuary uplifted, while
the northern third subsided. The impacts on the estuarine environment included the migration
of species in adjustment to their new tidal range, as a result of the change in relative sea level
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(Marsden et al., 2015). The subsiding areas meant that some areas were now closer to the water
table than pre-earthquake, and were more vulnerable to liquefaction. Following the earthquake,
there were other factors species in the coastal and estuarine environment had to adjust to follow
the Christchurch Earthquake Sequence, including increased pollution from contaminated water
entering the waterways due to pluvial flooding, as well as increased sedimentation, from both
liquefaction, as well as around Banks Peninsula where the loess caps on top of the volcanic rocks
broke off into the coastal environment (Hart et al., 2015). Borja et al. (2010) believed that the
recovery of estuarine environments following such event was 4 to 10 years, however Marsden
et al. (2015) believes that the time period of recovery is difficult to determine, and could take
from days to years to decades, and up to 25 years for different species. The recovery depends
on the factors involved, where biological responses will be at a different rate to geomorphic
responses.
In conclusion, there is a large seismic hazard in New Zealand due to its location along a plate
boundary, and as seen in other countries, coastal settlements have an additional risk of tsunamis
following an earthquake. There are various cascading effects which stem from an earthquake
which will impact a coasts ability to recovery, both biologically and geomorphically. Trying
to attach a time scale in which a tectonically disturbed coastal environment will recover is
extremely difficult, especially in modern environments when the coasts are densely populated,
and anthropogenic factors specific to the cities infrastructure, geology and geomorphology will
have a considerable affect on the recovery of the environment. The different dynamics, mobile
processes and biomes which occur in coastal and interface environments mean there are many
different factors that need to be considered when analysing these environments following an
earthquake. Analysing the geomorphic and biological responses following an earthquake is
extremely relevant given the dense populations, both society and ecologically, that reside in
these locations. It is important to further identify how these environments should be expected
to respond following these events in the future.
2.4 Coastal response to relative sea level fall
The following section will discuss relative sea level change in terms of relative sea level fall,
as this is the change that the Kaikōura study area experienced following the November 2016
earthquake.
Relative sea level is the measurement of the mean sea level in relation to local land elevation.
Changes in relative sea level can be a result of various short and long-term events which causes
land to uplift or subside. Long-term relative sea level change is usually a result of isostasy,
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or tectonic uplift/subsidence occurring over hundreds to thousands of years (Rovere et al.,
2016). Short-term relative sea level change is caused by more instantaneous change in a coastal
environment, and is attributed to activities such as mining or ground water extraction, causing
subsidence and a relative sea level rise; or in the context of this study, a relative sea level change
can be attributed to uplift or subsidence of the coastal environment, through a tectonic event
(Single, 1985; Olson et al., 2012).
Globally, literature has a strong focus on coastal response to a change in eustatic sea level, as
a result of climate change induced sea level rise (Cowell et al., 1992; Leatherman et al., 2000;
Cooper and Pilkey, 2004; FitzGerald et al., 2008). Early studies of beach response to sea level
rise are largely overshadowed by the development of the Bruun Rule (Bruun, 1954, 1962). The
Bruun rule demonstrates that with sea level rise under certain constrained conditions, a sand
beach will translate upward and landward at the same rate, maintaining morphological features
(Bruun, 1962). The Bruun Rule has been seen as contentious since its development (see Rosati
et al. (2013) and Cooper and Pilkey (2004)), mostly due to its two dimensional nature not
taking into account differences in sediment budgets (Everts, 1985; Rosati et al., 2013). It was
also found that the model was not validated through many field observations (Schwartz, 1967;
Rosen, 1978; Pilkey and Davis, 1987; Bruun, 1988). A modified version of the rule is still used
in New Zealand, as well as other countries, to calculate set back distances in regards to coastal
planning around sea level rise, as there is no commonly accepted alternative (Rosati et al.,
2013).
Relative sea level fall, as experienced in the Kaikōura study area, can result from uplifting land
in a local area. Bruun (1983) stated that the Bruun rule could be reversed to two-dimensionally
model how a gravel beach would respond following relative sea level fall. Single (1985) argued
that relative sea level fall as a result of instantaneous coastal uplift caused by a tectonic event
could not be represented in full by the reverse Bruun Rule. Single (1985) states that MSG beach
response following relative sea level fall can be modelled in two stages. The first stage is the
vertical adjustment of the coastline as a result of the uplift, causing instantaneous progradation,
in which the new foreshore is the pre-earthquake sea bed and additional volume of sediment
has been uplifted into the active beach affected by marine processes. The second stage is the
response stage in which the newly uplifted profile adjusts to its pre-earthquake equilibrium
state. The adjustment occurs firstly with removal of sediment in the nearshore as the position
of maximum wave effort is translated seaward with uplift, causing relative sea level rise in
the nearshore profile due to the erosion. The position of maximum wave effort is the seaward
extent in the nearshore profile where wave energy is interacting with the nearshore bed to
move sediment. The rest of the profile continues to adjust as the position of maximum wave
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Figure 2.4: Profile response of an uplifted beach where there is a relative sea level fall. As the beach responds,
the berm reforms relative to sea level. Adapted from Single (1985).
effort retreats landward with the relative sea level rise in the nearshore, until the profile adjusts
back to its pre-state equilibrium (Single, 1985). The duration of response will be dependent
on the amount of sediment added to the budget following the earthquake, as well as sediment
composition in the nearshore, and the amount of uplift which occurred. Single (1985) believed
that the response in the second stage could be likened to the reversal of the Bruun Rule, as
demonstrated in Figure 2.4.
Few long-term studies have been conducted on tectonically induced sea level fall on gravelly
beaches, however the majority of studies are focused on MSG beaches in New Zealand. Follow-
ing on from Single’s (1985) study on the uplifted Napier beaches from the 7.8 Mw earthquake in
1931, Paterson (2000) continued to assess the long-term changes on the Hawke’s Bay beaches.
Paterson (2000) determined from his study that the Bruun Rule greatly underestimated any
shoreline change observations by a factor of 38. He believed that following the earthquake,
there would be an initial period of progradation because the uplifted nearshore would dissi-
pate wave energy, and promote onshore movement of sediment. Paterson (2000) also found,
contrary to Single (1985), that the rate of long-term response was dependent on the frequency
and magnitude of storms. Olson (2010) conducted a study looking at long-term response of
the Wellington MSG beaches on a decadal scale following the 8.2 Mw Wairarapa earthquake in
1855, which uplifted some coastal areas up to 6m. The study looked at an area which had a
recent change in sediment supply, with gravel being introduced to a previously sandy system,
and determining the stability of the coastline after both tectonic disturbance and introduction
of gravel sediment. All three studies (Single, 1985; Paterson, 2000; Olson, 2010) concluded that
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their respective sites were still responding to the earthquake, in which Olson (2010) stated that
the MSG beach system was still adjusting to the introduction of large volume of fine grained
sediment from nearshore areas uplifted in the 1855 earthquake. This long-term adjustment was
not due to the pulses of sediment from earthquake induced landslides, but rather the erosion
of nearshore sediment as base level changed over time (Olson et al., 2012).
There are only two known studies which investigate the short-term morphological response
of MSG beaches following an earthquake (Stanley, 1968; Brown, 2017). Brown (2017) used
historical data from the 1931 Napier earthquake, and modelled uplifted profiles in XBeach-G
against different wave heights to simulate storm events. Brown (2017) found in her studies that
beach response following tectonic uplift caused an increase in subaerial volume, with a widening
of the beach face. Brown (2017) stated that the upper beach was abandoned after the uplift,
as it was elevated out of the active beach system which was being reworked. The primary
response following uplift was found to be ridge building, and there was a degree of erosion in
the post-earthquake high water mark, in which sediment was eroding from the subaerial profile
but accreting in the nearshore profile, suggesting the redistribution of sediment throughout the
profile following a storm event (Brown, 2017).
Stanley’s (1968) research was found to be the most relevant to this study, in which the obser-
vations were made in the field several months after varying degrees of uplift and subsidence
affected the Alaskan coastline lined with MSG beaches following the 9.2 Mw earthquake in 1964.
Observations made by Stanley (1968), similar to observations by Brown (2017), included that
swash aligned berms were a dominant morphological change. Stanley (1968) stated that new
beaches developed below abandoned beaches to fit the new high water line, where material was
transported and deposited on the upper beach. Beaches were not considered to be stable after
a year, and it was believed that the new berms would take years to stabilise because of the
lack of coarse sediment supply (Stanley, 1968). Lack of research surrounding the observations
of MSG coastal systems following relative sea level fall after an earthquake is evident when
reviewing coastal literature, especially in a three-dimensional sense when the sediment budget
is considered.
Only one study (Stanley, 1968) has detailed short-term morphological changes following relative
sea level change, whereas other studies have been dependent on historical data to develop
conceptual models and interpret the coastal response on a decadal scale (Single, 1985; Paterson,
2000; Olson, 2010; Olson et al., 2012) or to use as the basis for a disturbance in order to model
short-term response in various wave climate (Brown, 2017). There is a clear gap in literature
in which the short-term response of beaches following significant fall in relative sea level due to
tectonic uplift is very poorly documented, especially in New Zealand.
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2.5 Surveying in a post-earthquake environment
The idea that surveyors play an important role following earthquakes was originally acknowl-
edged in Hodgson (1927), where at the time, surveying was playing an important role in de-
termining whether continents were still drifting. Hodgson (1927) stated that continuous mon-
itoring of an area would be useful in the instance another earthquake was to occur, then the
change in geomorphology could be determined. In terms of surveying the coastal environment,
surveyors were used to determine whether the coast was ‘rising’ or ‘falling’, in which this in-
formation could inform the development of harbours (Hodgson, 1927). Since Hodgson (1927)
first addressed the idea of earthquake displacement monitoring, which included locating three
seismographs in a triangle to determine the epicentre of an earthquake; various methods of
surveying have been used to record change following an earthquake. These techniques include
geological mapping (Duffy et al., 2013), cadastral (property boundary) surveying (Lee et al.,
2010; Duffy et al., 2013), using pre-existing monitoring devices, such as tidal gauges (Hynd-
man, 1995), remote sensing (Duffy et al., 2013), Global Positioning System (GPS) and Global
Navigation Satellite System (GNSS) surveying as well as deformation modelling (Winefield et
al., 2010).
The geodetic system is a coordinate system which uses a set of reference points to inform the
location of places on earth. The World Geodetic System, known as WGS84, is a global standard
coordinate system used for satellites and cartography, however countries often have their own
systems in order to provide the highest accuracy and accommodate differences in tectonic
environments (Donnelly et al., 2014). The current New Zealand geodetic system established
in 2000 is known as NZGD2000, changing from the previously used fixed coordinate system
known as NZGD1949 (Winefield et al., 2010). The system was upgraded as a result of the
tectonic nature of New Zealand, meaning that a fixed coordinate system was not appropriate
for a country which continuously undergoes slow tectonic change. In a physical sense, the
NZGD system itself is a series of trig stations and geodetic marks which are distributed over
the whole country as ‘known’ points, and surveys in a local area are tied to these marks. The
NZGD2000 system is semi dynamic, however short-term rapid changes can only be accounted
for by applying ‘patches’ to the National Horizontal Deformation Model (NDM) (Winefield et
al., 2010).
Following a large earthquake, there are major disruptions to the geodetic system due to the hor-
izontal and vertical displacement. Common surveying techniques immediately after an earth-
quake used to determine displacement and changes are primarily conducted using satellite data,
as no on-land data is required to establish measurements of displacement if the satellite has
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a built in GNSS system. For example, Massonnet et al. (1993) and Zebker et al. (1994) both
used Synthetic Aperture Radar (SAR) interferometry from orbiting high resolution systems to
capture displacement from the 7.3 Mw Landers, California Earthquake in 1992. These studies
highlighted the usefulness of satellite data to inform displacement and the convenience of not
needing a re-established geodetic system to do so. Singh et al. (2002) used Indian Remote Sens-
ing data to determine the changes in ocean parameters and land features affected by the 7.7
Mw January 2001 earthquake in Gujarat, India. Light Detection and Ranging (LiDAR) data,
collected using an built in GNSS positioning system, was used following the 2010 Christchurch
earthquake to determine displacement, especially close to the surface rupture (Duffy et al.,
2013). There is a large archive of satellite imagery for a site, and therefore a good source of
pre-earthquake data is readily available for comparison following an earthquake. The use of
Unmanned Aerial Vehicles (UAV) such as drones are now being used to obtain data soon after
an earthquake, for both geomorphology surveying and to inform relief efforts (Xu et al., 2014),
however non-commercial versions of these instruments are unlikely to have a built in GNSS
positioning system, and will require ground truthing.
In order to conduct on ground surveying following an earthquake, the geodetic system must
be re-established, to allow for surveys to be tied to accurate geodetic marks. This can be
done through the addition of patches to the NDM, which adjust the geodetic coordinates,
however due to the nature of earthquakes and associated aftershocks, the temporal matter in
which these patches are applied is extremely variable (Winefield et al., 2010). The aftershocks
create continuous displacement, which in some instances can accumulate to equal that of the
event itself (Winefield et al., 2010). As shown in Figure 2.5, the frequency and magnitude of
earthquakes decay over time, but in the Canterbury Earthquake Sequence, aftershocks larger
than 3 Mw were affecting the region more than 400 days after the event (Shcherbakov et
al., 2012). Therefore, adjustments to the NDM following a tectonic event are not updated
immediately following an event, as it is likely the area will undergo continuous change for at
least months following an earthquake. The geodetic marks can be re-established using GNSS
surveying equipment, as advised by Land Information New Zealand (LINZ), by resurveying a
control framework, using static GNSS techniques (Land Information New Zealand, 2017). This
involves occupying at least two benchmarks for 2–24 hours. Follow up surveying is required
of additional marks in order to densify the geodetic network (Land Information New Zealand,
2017). Following the Kaikōura Earthquake, preliminary coordinates for geodetic marks were
released for surveyors to use, of which these were further adjusted by up to 0.9m in some places
by January 2018.
Various on-ground surveying techniques are used following an earthquake. Geological field
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Figure 2.5: Aftershocks in the Canterbury Earthquake Sequence (CES) following three main earthquake
events, which highlights the decay in frequency and magnitude of aftershocks following the event. Aftershocks
were still occurring over 400 days after the initial earthquake in September 2010. Taken from Shcherbakov et
al. (2012).
mapping is common around the direct surface rupture (Duffy et al., 2013). Cadastral surveying
(the surveying of property boundaries) following an earthquake is also a common technique
since it was first used in Taiwan to document displacement of the 7.3 Mw Chi-Chi, Taiwan
Earthquake in 1999, where the methods were used to accurately depict the displacement using
building surveying data, down to 11 cm accuracy (Lee et al., 2006, 2010). The vested interest
in property boundaries within society also means that there will be sufficient amounts of pre-
earthquake data. This method was used following the September 2011 Darfield earthquake
(Duffy et al., 2013), in which there was a cadastral survey conducted a month before the
earthquake which could be used for comparison. Physical sites could be occupied following the
earthquake using the 24 hour GPS on the base station to re-establish the site, and this could
be used to determine changes following the earthquake as a comparative study (Duffy et al.,
2013). This technique does not require the re-establishment of the geodetic system by LINZ,
and can therefore be undertaken soon after the earthquake.
Literature surrounding surveying coastal environments largely focus on the use of marine species
to detect large scale change, for example using surveys of uplifted brown algae in Kaikōura
following the earthquake (Clark et al., 2017), or the use of monitoring tools such as tidal gauges
which have long-term records to smooth affects of tidal changes and long-term changes such as
El Nino (Hyndman, 1995). Beach surveying, and the methods involved following an earthquake
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are largely undocumented. Studies have taken place to monitor beach profiles and the long-
term effects of this following a large event, though no literature details this immediately after
an event, or furthermore, no publication suggests a streamlined approach of how to survey
a beach profile following an event. Following an earthquake, the geodetic system has been
altered, therefore methods such as that used in Duffy et al. (2013) can be used to re-establish
benchmark sites. This still leave the question as to what line to re-survey after an earthquake,
the geospatial or the physical line. This will be explored further in Chapter 4. In cadastral
surveying, the property boundaries are marked with physical markers, or features such as fences
(Duffy et al., 2013), therefore giving the area a logical post-earthquake spot to reoccupy and
use comparatively to determine displacement. The complexities in a coastal environment stem
from the fact that the movement of physical markers in the field represent the movement of the
piece of land which was previously monitored. Therein lies the problem of whether to continue
to measure the geospatial line, in which the beach is a representation of the environmental
conditions acting on that particular spot, or to continue to monitor the physical markers, which
now represent a piece of beach affected by different environmental conditions. The approach to
monitoring a coastal environment following an earthquake brings to light a lot of unanswered
questions, in which surveyors have approached this issue before, but have not documented a
streamlined approach for doing so. The lack of literature and publications addressing this issue
creates an unsystematic error in the monitoring of beach systems and associated historical
records, especially for routine monitoring performed by Regional Councils.
2.6 Conclusions
This chapter has highlighted the unique nature of MSG coastal environments, both beaches
and hapuas, as well as the small amount of research surrounding these particular environ-
ments when compared to pure gravel or sand beach environments. The MSG environments
are commonly associated with high energy coastal environments, and are highly dependent on
sediment transport in the swash zone due to sediment being lost from the beach face part of
the system when taken over the break point step. There is not a significant amount of liter-
ature on how a beach is expected to respond to relative sea level fall, especially in regards to
short-term response. Studies have shown that beaches can take over 150 years to reach an equi-
librium likened to their pre-earthquake state, especially with modern influences changing the
environment. Brief observations of a post-earthquake environment, coupled with X-Beach-G
modelling have shown that, in the short-term, the upper beach is stranded and continues to
be unaffected, while changes occur in the nearshore and foreshore environment in response to
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the change in the position of maximum wave effort translates landward over time. The limited
literature surrounding post-earthquake, especially in terms of short-term observations, means
that it is not known in its entirety how a MSG beach with different environmental conditions
acting on them are expected to respond to an instantaneous drop in sea level. The methods
used to survey in a post-earthquake environment are largely focused on cadastral surveying
type techniques, however there is a large gap in literature where a best-approach method to
surveying a post-earthquake coastal environment is yet to be developed. The low return period
of a large earthquake event means that in a practical sense, the issues surrounding documenting
post-earthquake coastal surveying it is rarely given the opportunity to be addressed.
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Chapter 3
Study area: Kaikōura, New Zealand
3.1 Introduction
Kaikōura is located on the north eastern coast of the South Island, at the top of the Canterbury
region, New Zealand. The area has a diverse landscape. The Kaikōura mountain ranges line
the western boarder of the region, reaching over 2000 m in elevation. River catchments flow
from the ranges across a large delta plain in the foreground of the mountains where the land
has been developed for farming and a small, seasonally tourist driven, township. The coastline
is fringed with MSG beaches, and limestone/ mudstone inter-tidal rock shore platforms directly
surrounding the Peninsula (Stephenson, 1997). The narrow offshore shelf leads to the Kaikōura
Canyon 6 km off the coast south of the peninsula. The Kaikōura Canyon joins the Hikurangi
trough 15 km off the coast north of the Peninsula, with steep canyon physiography (Chandra,
1969). The unique coastal environment of Kaikōura is a result of its tectonically active history
of the region, high energy coastal environment and close proximity to a large sediment source
in the Kaikōura Seaward Ranges, in which the sediment only has to pass over a short distance
to arrive at the coast. The following will look further in detail at different environments and
processes present within the study area relevant to this research.
3.2 Field sites
The field sites are distributed along the 20 km stretch of coastline either side of the Peninsula,
as shown in Figure 3.1. There are 18 MSG beach profiles in the study area, with 8 located
south of the Peninsula, and 10 located north of the Peninsula.
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Figure 3.1: 18 Environment Canterbury beach profile sites, which have been surveyed annually from 1997–
2015, and used for analysis in this study. Contains data sourced from the LINZ Data Service.
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The sites comprise of MSG beach profiles ranging from 30 to 165 m in active beach across-shore
distance. These profiles have been monitored annually by Environment Canterbury (ECan)
from 1997 to 2015, and once after the earthquake in January 2017.
3.3 Fluvial environment
There are three main rivers in the Kaikōura study area, each with their catchments situated
in the Seaward Kaikōura Ranges. These are the Kahutara River, the Kowhai River and the
Hāpuku River (Chandra, 1969; Dawe, 1997). The Kahutara is the southern-most river of the
three, which is a sediment source for the southern coast of Kaikōura (Berger, 2017). The
Kowhai rivermouth is located approximately 6 km north of the Kahutara rivermouth. The
Kowhai River is a small and steep braided river with a catchment area approximately 80 km2
(Environment Canterbury, 2000). This river flows from the seaward Kaikōura Ranges across
a gravel floodplain extending north and south of the Peninsula to the coastline (Environment
Canterbury, 2000). The current position of the mouth is south of the Kaikōura Peninsula,
however this is a result of human modification to stop flooding in the township, and its mouth
was once north of the Peninsula as can be seen in Figure 3.2 (Chandra, 1969; Dawe, 1997).
The Hāpuku and Puhi river catchment flows from its headwaters in the Kaikōura ranges to the
coast approximately 15 km north of the Kaikōura Peninsula. The flow of the Hāpuku River
increases 2.7 km from the coast as it joins with the Puhi River (Berger, 2017). This river is the
main source of sediment for profiles north of the Peninsula. Smaller creeks, including Harnetts
Creek, Swan Creek, Middle Creek and Lyell Creek, intersect the coastline and deposit sediment
north of the Peninsula. Goldmine Creek, Floodgate Creek, Luke Creek and the Waimangarara
River deposit sediment across the Kowhai and Waimangarara fans (Dawe, 1997; Boorer, 2002;
Berger, 2017). Sediment supply and transport from these catchements to the coastline will
be discussed in Section 3.4. The streams are mostly derived from the draining of rainfall and
snow melt from Mt Fyffe. The streams transport sediment to the coastline, but at a smaller
magnitude than the previously discussed large rivers. The rivermouth environments at the
three main rivers in the study area all consist of small hapua environments (Creed, 2014; Hume
et al., 2016). The rivermouths have large MSG barriers which migrate across the rivermouth,
changing the outlet width, created through a wave dominated environment, forming the small
hapua lagoons. The outlets of the hapua lagoons at the rivermouth migrate largely from south
to north before being re-set occasionally by flood breaches opposite the main river channel
(Hart, 1999).
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Figure 3.2: The Kowhai River historically flowed across the fan beneath the Mount Fyffe catchment. The
mouth was once located on the northern side of the Peninsula near the Kaikōura Township. The Kowhai River
currently flows south of the Kaikōura Peninsula, and is contained by stop banks, but after periods of heavy
prolonged rainfall, the Kowhai River can flood old channel and exit the township at the Lyall Creek outflow
which runs through the township. Taken from Dawe (2001).
3.4 Coastal environment
The coastline of Kaikōura is lined with MSG beaches north and south of the Peninsula (Chan-
dra, 1969). The MSG beaches are present due to the high wave energy environment, and the
coarse sediment source of quartzo-feldspathic metasediments (greywacke and argillites) from
the basement rock eroding in the Kaikōura ranges. South Bay, Gooch’s Beach and North
Beach are all classified as MSG beaches by McLean (1970). Coastal cliffs, marine terraces and
shore platforms are all uplifted features around the coastline which are a result of the high
tectonic activity in the area (Chandra, 1969). Numerous studies have been undertaken look-
ing at the geomorphology of the coastline (Chandra, 1969), the rock shore platforms (Kirk,
1977; Stephenson, 1997; Stephenson and Kirk, 1998), the sediment transport along the coast-
line (McLean, 1970; Dawe, 1997, 2001), the MSG beach morphology (Kirk, 1975, 1980), and
a shoreline response to sea level rise (Berger, 2017). The combined literature surrounding the
Kaikōura coastline has meant that processes and dynamics acting on the coastline are rela-
tively well understood for the area. The following will look in detail at aspects of the coastal
environment important to this study.
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Wind and wave climate
The major ocean current running along the east coast of the South Island is the Southland
Current (Chiswell, 1996; Sutton, 2003). This current moves water in a northward direction in
the offshore environment, however gets closer to the coastline around the Kaikōura area due
to the water moving through the Mernoo Gap, an area of steep nearshore topography (Sutton,
2003). While the Southland Current is the predominant influence on the movement of water
in the offshore environment, the nearshore sediment transport is influenced by the local wind
and wave climate. Prevailing wind direction occurs from the south and south east around 40%
of the time, and from the north east around 30% of the time (Boorer, 2002). Dominating
southerly winds are a result of the passage of depressions and the associated cold fronts over
the South Island (Stephenson, 1997). North westerly winds are usually a result of sea breeze
conditions, or association cyclonic depressions from the north east of New Zealand which travel
in a south direction (Stephenson, 1997).
The regional wind climate is a strong influence on the local Kaikōura wave climate. The
wave climate in Kaikōura, as described in Stephenson (1997), is not continually monitored,
however serveral studies have captured snapshots of the wave environment. Studies conducted
by various coastal scientists in the late 1960s through to the mid 1970s, and described in
Stephenson (1997), show that over this period, for 48% of the time waves were <0.5 m. Wave
heights between 0.5 and 1.25 m occured 17% of the time, and wave in excess of 1.25 m occurred
4% of the time (Stephenson, 1997). Waves which exceeded heights of 1.5 m occurred 15% of the
time on the southern coast of the Peninsula, and only 3% of the time on the northern side of
the Peninsula (Stephenson, 1997). There is a strong presence of sub climates north and south
of the Peninsula due to the sheltering of the Peninsula, as demostrated in Figure 3.3. North-
easterly driven waves create an environment with high swell energy north of the Peninsula,
while the Peninsula buffers the swells creating a calm, low swell energy environment south of
the Peninsula (Berger, 2017). When winds are prevailing from the south and south east, the
opposite effect occurs, and the north of the Peninsula is sheltered from these swell conditions,
while South Bay is exposed to a higher energy wave climate. Mclean (1972) used directional
wave data offshore to determine that waves most often came from the north and north east
(42%), while swells were observed most often coming from the south (43%). A characteristic of
Kaikōura’s wind and wave climate is the exposure of the coastline to the South Pacific Ocean,
meaning that there is an unlimited amount of fetch, undisturbed by topography. The coastline
therefore has a high wave energy environment, which Stephenson (1997, pg. 87) characterises
as “where long periods of relatively calm seas are interrupted by high energy storms”.
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Figure 3.3: Wave conditions north and south of the Peninsula when a strong southerly is taking place. The
left image is taken in South Bay, while the right image shows the contrasting calmer conditions at Gooches
Beach, north of the Peninsula, demonstrating the buffering effect of the Peninsula. Image taken 24th August
2018. Photo credit: K MacDonald
Wave refraction occurs around the Kaikōura Peninsula, creating a wave shadow area when the
prevalent wind direction is coming from the south (Pickrill and Mitchell, 1979). Changes in
wave height and the angle of approach can influence the amount of wave energy that will arrive
at the coastline, as well as long shore energy flux, currents, and sediment transport (López-Ruiz
et al., 2015). As waves enter shallow water, refraction occurs as a result of friction between
the wave and the nearshore bed. The wave interacts with the nearshore topography, affecting
the distribution of wave heights and directions of wave approach along the shore (Pickrill
and Mitchell, 1979). The more a wave bends around a headland, the more energy it loses,
therefore influencing the amount of energy reaching the coastline. Waves are strongly refracted
around the Kaikōura Peninsula, as waves coming from a dominating southerly direction bend
around the headland due to interaction with the shallow nearshore topography. The refraction
causes weaker wave energy north of the Peninsula, in the shadow of the Peninsula near the
Kaikōura township. The refraction lessens further north, however wave refraction still affects
wave direction near the Hāpuku rivermouth. Wave refraction and the less common prevailing
north east wind direction influences the field sites north of the Peninsula shadowed by the
headland topography close to the township, while the Southland Current is redeveloped and
influences field sites further north of the Peninsula (Dawe, 1997).
Tides
The tidal regime in Kaikōura is semi diurnal (Stephenson, 1997). The tidal range is predomi-
nantly microtidal (less than 2 m), as can be seen in annual tide extents taken from 2017, shown
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Figure 3.4: Tidal cycles measured in 2017, showing The high tide extents throughout the years (above MSL)
and the low tide extents (below MSL), where MSL in Kaikōura is approximately 1.2 m. Data sourced from
NIWA Tide forecaster.
in Figure 3.4. Kaikōuras tidal range is approximately 1.8 m between high and low tide. The
mean sea level in Kaikōura is 1.2 m, while the hightide is around 2.1 m, and low tide is around
0.3 m. The spring-perigean range can exceed 2.5 m (Dawe, 1997). The microtidal nature of the
coast means that the beaches have very narrow swash zones where wave energy is concentrated,
due to the steep foreshores.
Sediment supply to the coastline
The primary sediment source along the Kaikōura coastline is derived from the Seaward Kaikōura
Ranges, in which the sediment is transported to the coast by the three main rivers, Figure
3.5; the Kahutara River, Kowhai River, and the Hāpuku River (Dawe, 1997; Boorer, 2002).
It is thought that approximately 1000 t/km2 is eroded annually from the Seaward Kaikōura
Ranges (Hicks et al., 1996). There is a continuous supply of sediment available from the
Kaikōura Seaward Ranges, and the delivery to coastal environments is increased under high
river discharges during flooding and high rainfall events, due to the ability to move larger
gravels downstream with high velocities in the waterways (Adams, 1980). Observations of
relict greywacke deposits by Dawe (1997) show that erosion of torlesse from the mountain
ranges is the main supplier of sediment to the coastline. Smaller streams and creeks which
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Figure 3.5: Schematic of the Kaikōura coastline showing the main sediment transport systems along rivers,
creeks and tributaries. Longshore transport in the swash zone is the main process of moving sediment alongshore.
Wave refraction around the Pensinsula, as well as prevailing north-easterly winds, help drive longshore transport
south from the Hāpuku River. 30
intersect the coastline also contribute to the sediment budget, as they carry sediment which is
continuously eroded from the Kowhai, Waimangarara, and Hāpuku alluvial fans to the coast
(Dawe, 1997; Boorer, 2002).
Limestone and mudstone platforms are present in the intertidal zone around the Peninsula. The
erosion of the platforms is primarily due to the wetting and drying processes in the intertidal
zone rather than wave abrasion (Stephenson and Kirk, 1996, 1998). The shore platforms are
eroding at an average rate of 1.130 mm/yr, however the eroded material is so fine that it is
mostly transported offshore rather than being reworked into the Kaikōura beaches (Stephenson
and Kirk, 1998). Some eroded material does get reworked into the coastline, however this source
is believed to contribute significantly less sediment compared to the scale of that supplied from
the rivers.
Renourishment is a coastal hazard mitigation mechanism through which sediment is deposited
at a point on the coastline to be reworked into the coastal system to help maintain an eroding
coastline. Renourishment has been undertaken along the Kaikōura Esplanade, as shown in
Figure 3.5, since 1997 to aid the long-term erosional trend along the shoreline adjacent to the
Kaikōura township. The renourishment in Kaikōura was first proposed by Kirk (1986) who
suggested renourishment would help maintain the foreshore and protect the infrastructure assets
beyond the coastal zone. Initial renourishment efforts to slow erosion rates on the foreshore
were taken by applying a volume of sediment to be reworked in the system. More recent
renourishment is believed to be an effort to stop wave overtopping, by placing a sediment bund
higher up the foreshore to protect the backshore an assets beyond the active beach.
Table 3.1 shows the recorded timing of renourishments, as well as the amount of sediment put
into the coastal system at that time. OCEL Consultants NZ Ltd (2016) states in the con-
sent application for the renewal of previous renourishment consents, that most of the material
supplied to the beach has been placed south of Brighton Street, at the southern end of the Es-
planade, with the intention of renourishing profiles KCK3659 to KCK3737, as shown in Figure
3.5. The material used for the renourishment was taken from South Bay as it was determined
that the sediment in South Bay was similar to the relict sediment in the North Beach area.
This is because the North Beach upper foreshore/ backshore sediment is relict sediment from
when the Kowhai River used to intersect the coastline north of the Peninsula, as opposed to
its current position south of the Peninsula (shown in Figure 3.2) (Dawe, 2001).
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Table 3.1: Beach renourishment volumes which took place between 1997 and 2016 along the Kaikōura Esplande
by the Kaikōura District Council (KDC) to slow erosion rates in this area. Sediment was taken from South
Bay and relocated to various locations along the Esplanade throughout the 19 year period. Information sourced
from OCEL Consultants NZ Ltd (2016) and Bruce Gabites, ECan Coastal Scientist (Pers comm, 2018).
Longshore sediment transport
Long shore transport is influenced by different mechanisms both north and south of the Penin-
sula, as seen in Figure 3.5. The Kahutara and Kowhai River supply sediment sites south of the
Peninsula, where it is transported alongshore to South Bay by prevailing wind direction driv-
ing sediment transport in the swash zone, and influences from the Southland Current (Boorer,
2002). The dominating swash motions which drive longshore gravel transport, is cut off by the
Peninsula as sediment is transported north by onshore swash processes. The Peninsula acts as
a barrier to the these swash transport processes, and traps the sediment at the South Bay sites,
as there is no current or alongshore drift which drives transport of the sediment from South
Bay around the Peninsula, especially heavy gravel material. Most beaches on the eastern edges
are rocky or found in small pockets amongst intertidal platforms and cliff edges. Sediment can
not transport around the pensinsula because at a lot of the surrounding coast there is not a
swash zone for the gravel to travel along.
The longshore transport mechanisms north of the Peninsula are influenced by the wave refrac-
tion around the Peninsula, as well as the southward drift caused by incoming north-easterly
waves in the nearshore (Dawe, 1997; Berger, 2017). The Hāpuku River supplies sediment to
sites north of the Peninsula, however the extent of the southern drift transportation only reaches
as far south as Lyell Creek (Dawe, 1997). Sites south of Lyell Creek on the north side of the
Peninsula exhibit erosional trends, suggesting that the sediment from the Hāpuku River does
not reach the Esplanade area, hence for the need of renourishment in this area.
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3.5 Tectonic history
The study area is located within the active Marlborough Fault system, where lies the boundary
transition zone between the Australian and Pacific plates (Rattenbury et al., 2006), as seen in
Figure 3.6 (left). The convergence rate of the boundary in this area is 41 mm/yr (Anderson
and Webb, 1994), in which faulting associated with the convergence results in uplifting of
the Kaikōura Seaward Ranges by 6–10 mm/year, a similar rate to the Southern Alps uplift
caused by associated faulting from the convergence along the Alpine Fault (Van Dissen and
Yeats, 1991). Most of the vertical and horizontal displacement in the river catchments in the
study area have historically been related to the Hope and Jordan Thrust Faults located in the
Marlborough Fault zone, whereas vertical displacement of the coastline has historically been
associated with the offshore thrust faults within the Northern Canterbury Fold and Thrust
Belt (Van Dissen, 1989). The inferred rate of long-term uplift along the Kaikōura Peninsula
coastline is >1 mm/yr, as evidenced by the 125,000 year old uplifted marine terraces (Ota et
al., 1996; Beavan and Litchfield, 2012). As seen in 3.6, the Kaikōura region is bounded by
several large faults, including the Alpine fault, Wairau Fault, Awatere Fault and the Clarence
Fault, which all have single event displacement estimates of more than 5 m (Rattenbury et al.,
2006). Smaller faults, inclusive of Hope Fault segments (Hope river - Taramakau; Conway -
Kahutara; Mt Fyffe; and Seaward), Jordan Thrust, Kekerengu Fault and the Hundalee Fault
are all shorter in length thean the previously mentioned faults (10-110km) and have single event
displacement estimates on 1–5 m.
Until the 2016 earthquake event, there had been no major coastal uplift in Kaikōura associated
with any historically documented earthquake events in the Marlborough Fault System or the
North Canterbury fold and thrust belt (Yetton and McCahon, 2009). On the 14th of November
2016, a significant Mw 7.8 earthquake took place. As seen in 3.6 (right) a series of faults ruptured
in a south west to north east direction during the event and subsequent aftershocks. The
ruptures covered a 180 km length over the Kaikōura region, in the Marlborough Fault System.
By August 2017, there had been over 18,500 aftershocks (GeoNet, 2017). The epicentre was
located approximately 50 km south-west of the Peninsula, in which faults ruptured north from
here all the way up to the Needles fault, which runs off the east coast towards the north into
the offshore environment.
The earthquake significantly changed the coastal environment, with major changes being marked
by the uplift and exposure of previously submerged wave cut platforms (Clark et al., 2017). The
displacement ranging from −2.5 m to 6.5 m along the coast north and south of the Peninsula












































































































































































































































































Figure 3.7: Two of the estimated >10,000 landslides which occurred as a result of the 7.8 Kaikōura Earthquake.
The left image shows a landslide which was located approximately 10 km south of the Peninsula. The landslide
at Ohau Point (right), is located approximately 25 km north of the Peninsula. Seawalls have now been put at
both locations to protect the recovery efforts from intense wave action. Images sourced from the LINZ Data
Service.
displacement along the fault itself (Hollingsworth et al., 2017). More than 200 valley-blocking
landslides were generated in the earthquake, a result also of the steep terraine in the Kaikōura
Ranges, and many of these blocked large rivers causing dams to form (Dellow et al., 2017). The
largest of these landslides to form was in the upper Hāpuku River catchment, where 12 million
m3 of debris blocked the river, forming a lake behind it (Dellow et al., 2017). The tens of
thousands of landslides generated in the earthquake means that there is a surplus of sediment
coming down the catchment, of which there would be an initial pulse of finer sediment at the
coast, followed by the slower transport of gravel down the catchment over the years to decades
following the earthquakes. The steep coastline backs the SH1 transport route along the coast
to the southern end of the study, and further north of the study area. These transport routes
were covered in landslide debris following the earthquake, as can be seen in Figure 3.7 where
large land slides blocked SH1 south (left) and north (right) of the Peninsula. The inland route
to access Kaikōura was also covered in landslide debris, however this was cleared quicker than
SH1 and used as an access route to Kaikōura. The recovery efforts to re-establish the transport
routes have had a further impact on the coastal system. Sediment from the coastal landslides
entered into the coastal system, in some cases smothering species with fine sediment which live
on the rock shore platforms. During the recovery efforts of SH1, it is likely that more sediment
would have entered the system then also. Large seawalls have been built now in order to protect
the new roads built which in most cases are confined to a steep cliff on its west and the ocean on
its east. While these structures are necessary in order to protect the main transport route, the
sea walls will have a lasting impact of the coastal processes occurring in the region for decades
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to come.
In summary, it was likely that a large earthquake would affect the Kaikōura coastline eventually
due to its location in an extremely tectonically active area. The effects of the earthquake have
dramatically altered the coastal morphology, with significant uplift of the entire coastline. It is
likely that the significant amount of inland and coastal landslides will have an impact on the
coastal sediment budget over the coming years, however the affect of the seawalls now being
built along the coast to protect SH1 recovery effects and re-establishment of transport routes




This chapter begins with an overview of the methodological approach to this research. It will
then detail the data and methods used to answer the research objectives discussed in Chapter
1.
4.1 Introduction
The aim of this research is to further understand how MSG coastal environments respond to a
large tectonic event when there is an earthquake-induced change in relative sea level. As can be
seen in Figure 4.1, multiple steps were undertaken to firstly, establish the pre-earthquake state of
the coastline; secondly, understand the changes and circumstantial complexities of re-collecting
beach profile surveying data in a post-earthquake environment; and thirdly, determine how
the MSG beaches were responding following the earthquake and develop conceptual response
pathways to illustrate these responses. The study uses a mixed method approach, using a
combination of desktop study, data analysis, and field data collection.
The study encompasses a 21 year time period with the November 2016 earthquake disturbance
marking the change in environments from pre-earthquake to post-earthquake. The desktop
study enables data collection for a coastal setting which has now been dramatically altered,
where aspects of the beach profile such as grain size distribution and foreshore morphology are
likely to have undergone significant changes. The desktop study reviewed and analysed research
undertaken in the Kaikōura coastal setting prior to the earthquake in order to comprehensively
understand the pre-earthquake coastal environment. Data analysis methods, such as statisti-
cal analysis, allowed for pre-earthquake data acquired in the desktop study to be quantified,







































































































































































































































































































































































































environment in order to detect the effects of the earthquake and subsequent relative sea level
fall. Field data methods, including beach surveying and sediment sampling were used in order
to quantify the environment post-earthquake. Using a mixed method approach means that an
accurate depiction of the Kaikōura coastal environment pre-earthquake and its response to the
earthquake can be confidently determined. The following will describe the individual methods
used in this study to determine the results presented in subsequent three chapters.
4.2 Data and methods: Pre-earthquake Kaikōura
beaches analysis
In this section, methods used to address Objective 1: To establish the pre-earthquake long-
term trends of the unconsolidated coastal environments in Kaikōura, through the means of
geomorphology and sedimentology are presented.
4.2.1 Beach profile surveying data
A beach profile survey is a series of points taken using accurate GNSS surveying equipment to
create a cross section of topographic changes across a beach (Morton et al., 1993). It provides
a snapshot of the morphology of a beach along one cross section at one particular time, and
geomorphic characteristics of the profile such as volume and shoreline extents can be calculated
from these surveys. Beach profile data is the main source of data used throughout the course of
this study to determine the long-term trends and morphology of the pre-earthquake Kaikōura
coastal environment, as well as to inform the response of the coastline following an earthquake.
The study area has an 18 year record (1997–2015) of 18 different beach profiles within the study
area, as a result of an annual monitoring programme created by ECan in 1997. This means that
the study area is well represented with beach profiles, and it would be fair to make assumptions
about what was happening between profiles, as they are densely distributed where there is
expected differences in the environmental conditions acting on the profile, such as wave climate
and sediment supply. Beach profile surveys taken over a 18 year period allow for shoreline and
volume trends over a long period to be determined, as well as being able to record and estimate
the magnitude of coastal events and the effects on the coastline. The beach profiles also allow
for highly accurate and detailed changes in beach shape to be monitored. The beach profile
surveying data acquired from ECan was used to perform a cluster analysis of the 18 profiles
to determine the different within-type variations of MSG beaches in the Kaikōura study area,
which will be discussed in subsequent sections.
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4.2.2 Classification of Kaikōura MSG beaches
A classification of the MSG beaches in Kaikōura was undertaken to determine the existence and
significance of within-type variations existing amongst Kaikōura’s different coastal settings pre-
earthquake, to then be used when analysing the response of the beaches in the post-earthquake
environment. Framework for the MSG beach classification used in this study is outlined in
Figure 4.2. The possible existence of within-type variations of MSG beaches was first mentioned
in Jennings and Shulmeister (2002), however these within-type variations were not described.
A series of geomorphic parameters were calculated for each of the 18 monitored profiles based
on methods of beach classification schemes used in previous studies (Jennings and Shulmeister,
2002; Scott et al., 2011). Classification schemes in past studies have used a range of parameters
to measure the variation in beach types, including environmental conditions such as wind and
wave climate, as well as geomorphic parameters including sedimentology, beach slope and beach
morphology (Short, 1979; Wright and Short, 1984; Carter and Orford, 1993). In more recent
studies, Jennings and Shulmeister (2002) and Scott et al. (2011) focus largely on geomorphic
parameters of gravel beach types, and wave climate, to establish classification within their
selected sites. From these studies, the geomorphic parameters appropriate in a MSG beach
setting were calculated for the 18 ECan monitored profiles using beach profile surveying data.
Additional parameters such as long-term erosional or progradational trend helped to further
classify the site specific MSG beaches from the broad term classified in Jennings and Shulmeister
(2002). The parameters calculated for the classification of Kaikōura beaches are outlined in
Figure 4.3, and include slope, volume, width, berm elevation and sedimentology in the mid tide
zone and the upper foreshore. The parameters were calculated using a combination of literature,
and analysis of 1997–2015 beach profile survey data and 1997 sedimentology data, provided by
ECan. Specific details of calculations for individual parameters used for classification, both
geomorphic and environmental can be found in Appendix B and Appendix C.
4.2.3 Cluster analysis of geomorphic parameters
A cluster analysis was undertaken using the statistical software Statistica by Statsoft, to cluster
geomorphic parameters of each profile together in order to determine within-type variation
groups, based on quantitative measurements (eg. beach volume) and arbitrary values (eg. long-
term trend) given to each profile. Using the methods for cluster analysis of beach morphological
parameters in Scott et al. (2011), a cluster analysis expressed in the form of a hierarchical
tree was produced to identify different clusters of beach profiles. A range of amalgamation


































































































































































Figure 4.3: Schematic of a MSG beach profile showing the extent and occurrence of the geomorphic parameters
calculated used in the classification component of this study in a simplified MSG environment. Adapted from
Kirk (1980).
continuous, Unweighted Pair-Group Method with Arithmetic Mean (UPGMA) was deemed the
appropriate method to use (Scott et al., 2011). In this method, the distance between all pairs
is calculated, and the average of these distances determines the distance between two different
clusters (Sneath and Sokal, 1973).
The method is successful when objects form natural distinct clumps, or have chain type clusters.
The geomorphic groups were decided on based on the tree groupings, as well as knowledge and
experience of the dataset used. Due to the size of the data set available in this study, applying
a threshold of similarity, as done in Scott et al. (2011), would be less appropriate given that
this study is dealing with profiles from a similar environment, and of the MSG variation,
whereas Scott et al. (2011) was categorising beaches from across England and Wales where
variations of beaches were more polarised and significant changes in environmental conditions
were prominent.
A further confirmation of the hierarchical cluster analysis was done using Multi Dimensional
Scaling (MDS), as per the methods used by Scott et al. (2011). The MDS takes the matrix of
the Euclidean distances for dissimilarities between profiles determined in the hierarchical cluster
analysis and places them on a two dimensional (2D) plot to visualise the clustering between
groups. The close proximity of profiles on the 2D plot represents the closeness of similarity to
another profile. The stress value is representative of a goodness of fit, where a value is given
between 1 and 0. A 2D stress value of 0.1 represent excellent ordination (Clarke and Gorley,
2006). The technique is more effective with large group sizes, but is used here to visualise the
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scattering of profiles relative to each other.
Interpretation of the results from this were synthesised with an analysis of environmental condi-
tions acting on each profile, to determine the environmental settings of each cluster. These en-
vironmental conditions included sediment supply, sheltering and distances to sediment sources.
It could be determined what common environmental parameters were strongly influencing the
nature of the profiles, and this was later used to inform predictions of how different beach types
might respond to the earthquake. The results produced from these methods are presented in
Chapter 5.
4.3 Data and methods: Critiquing post-earthquake
survey techniques
In this section, methods used to address Objective 2: To evaluate post-earthquake surveying
techniques and the data captured through the use of different methods are presented. Methods
for aerial imagery shore line analysis and DEM’s generated from LiDAR data are presented
here, with subsequent sections addressing GNSS beach profile surveying methods.
4.3.1 Digital elevation model (DEM)
Two LiDAR data sets were used in this study, 2012 and June 2018. The two data sets were
processed into digital elevation models, which could then be differenced (Figure 4.4) from one
another to determine the change in elevation across a large area between 2012 and 2018.
LiDAR data is collected from an airborne platform, either by a helicopter or a satellite, and
sends pulses to the grounds surface and measures its return (Giglierano, 2010). This can allow
for the ground elevation to be calculated, as thousands of points are collected and processed
into a Digital Elevation Model (DEM). The airbourne platform used in this study had a built
in GNSS positioning system, which allowed for the position of points to be determined in real
time. The resolution of a data set will vary, depending on the regularity of points being taken
in a grid. The higher the resolution, the more defined characteristics of the landscape will
become. For example, a 1 km by 1 km cell size may feature rolling hills, however these features
will not be defined in the DEM, as only one elevation is assigned to each 1 km by 1 km cell.
If LiDAR is collected where there are several points taken every 1 m, then a cell size of 1m by
1m can be developed and will be able to more clearly define the rolling hills in a DEM.
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The 2012 LiDAR data set is freely obtained online from Land Information New Zealand. 2018
LiDAR data was collected by the North Canterbury Transport Infrastructure Recovery (NC-
TIR) in June 2018 for recovery purposes. The datasets were cropped to the coastal study area
in ArcGIS. The subtraction tool in ArcGIS was used, as can be demonstrated in Figure 4.4, to
minus the 2012 data set from the 2018 data set, and to determine the amount of uplift/accretion
and subsidence/erosion. The differential DEM generated in this study has attempted to seper-
ate these processes but classifyingthe output into subsidence (< –0.2 m), the error associated
with the method (–0.2 m to 0.2 m), uplift (0.2 m to 1 m) and additional accretion (> 1 m).
Both data sets are 1 m resolution, which has been documented in literature as having 0.15–0.25
m vertical accuracy (Aguilar et al., 2007; Giglierano, 2010), however the LiDAR metadata for
the datasets used did not disclose the vertical accuracy. Cross sections of the profile lines were
extracted from the DEM for comparisson using the 3D analyst tool in ArcGIS, where one point
every 1 m was extracted and could be processed into a beach profile in Microsoft Excel.
The period of time between the data sets (6 years) is not uncommon for analysis of LiDAR data
due to the expenses involved in collecting it, and therefore is not as readily available as aerial
imagery data or beach profile data. This should be acknowledged when analysing a coastal
environment which is very dynamic, and therefore a 6 year time difference between data sets
means that changes on the active beach can not all be directly attributed to the single uplift
event. Similar to other forms of data collection, it is a snapshot of the coastal system, and the
accuracy of interpretation of the processes and responses will increase with frequency of data
collection. Interpolation of the results to determine long-term trends, needs to be done with
caution.
Figure 4.4: The subtraction tool in ArcGIS is used to determine the elevation differences between the 2012
and 2018 DEM. The tool subtracts one raster dataset from the other, and its output is the elevation difference
between the two data sets. The red boxes represent an elevation fall from 2012-2018, which could be a result of
subsidence, or in a coastal setting, erosion. The green boxes are calculated as a rise in elevation between 2012
and 2018, indicative of uplift or in a coastal setting, accretion.
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4.3.2 Aerial imagery
Historical aerial imagery is collected from an airbourne platform, such as a plane or helicopter,
however more recent aerial imagery can be collected from satellites or UAV’s. Aerial imagery
collected from an airborne platform with a built in GNSS positioning system means that the
position of the imagery can be collected in real time. The images collected are orthorectified
to remove image tilt, so that images are of a ‘birds eye’ view looking directly down on the
landscape. The resolution of historical imagery, typically prior to 2000, is of a lower resolution
than more modern imagery.
In this study, three aerial images are used to represent three different time periods. Available
aerial imagery covering the Kaikōura study area which was of a resolution high enough to iden-
tify morphological features on a MSG beach was taken from 1999 (2.5 m resolution), 2014 (0.3
m resolution) and 2016 (0.2 m resolution). Two features were observed in each image to deter-
mine changes - the vegetation line and the wet water line. The measurement of the vegetation
line is a common technique used on sand beach environments to measure the movement of the
dune toe (Stafford and Langfelder, 1971). The vegetation line in sand beach environments is
responsive to major storm events, and advances slowly over periods of low storm activity. In
a sand beach environment, the vegetation line marks a defined zone of the beach. In MSG
beaches, this is not the case, as the vegetation line is not representative of a beach zone, and
is more representative of a hinterland environment. The plant species found at the vegetation
zone on a MSG beach are not the same as the quick recovery, adaptable species found on a
sand beach environment. Therefore, using vegetation line in a MSG beach environment should
always be undertaken with caution of what the movements in vegetation line actually represent.
Changes to the vegetation line are likely to be indicative of long-term, large storm events (or
lack of) which will take a long time to recover. Caution must also be exercised using this feature
in areas where the vegetation line is constrained in the backshore such as a parks, railways,
and roads, where changes here are not representative of changes in the active beach.
The wet waterline is was the second feature identified on the images to identify shoreline changes
along the coast. This feature is found where there is a change in shades of grey due to the
saturation of the sand at the wave runup (Stafford and Langfelder, 1971). Caution has to be
exercised when looking at these results of the wet water line, as it can be significantly influenced
by the tidal cycle, as well as variability in wave runup along the coast. As seen in Figure 4.5,
by using beach profile data taken at similar times of the capture of aerial imagery, estimates of
slope length (x) could be determined between the high tide and low tide marks. The variability
of wave runup was not calculated, but is considered as a factor which will affect the position of
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Figure 4.5: Two lines analysed on the aerial imagery are the vegetation line, marked where the last line of
vegetation is before the beach turns into complete sediment. The second line is the wet water line, which is
measured with consideration of a margin of error (MOE). The slope of the foreshore between the high tide and
the low tide mark (x) is measured as the MOE to account for the differences in tides when the images were
captured. If the change in a shoreline is more than the MOE, then the change in shoreline is significant.
the wet water line. The distance between high and low tide on the beach profile was considered
to be the margin of error (MOE). The MOE varied across profiles depending on the steepness
of the foreshore, where KCK3800 is a steep profile, and therefore had a MOE of 6 m, whereas
KCK2200 was very flat and wide, and therefore had a calculated MOE of 19 m. If changes
from year to year exceeded the MOE at the profile, changes at the profile were deemed to be
significant, however due to the large MOE at profiles, a more detailed shoreline analysis can
not be undertaken using this technique.
The wet water line and the seaward vegetation line were traced along the coastlines of all three
images and the difference at a profile from one image to another was determined using the
measuring tool in ArcGIS. Caution is exercised in analysing the results, as variability in wave
runup could not be accounted for within the MOE but may effect results, and different profile
settings could have an influence on the migration of the vegetation line.
4.4 Data and methods: Post-earthquake Kaikōura
beaches analysis
This section will present methods used to address Objective 3: To identify what the short-
term responses are in a MSG coastal environment following an earthquake-induced change in
relative sea level. This section will also introduce some method development in surveying in a
post-earthquake environment.
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4.4.1 Beach profile surveying
Following the Kaikōura Earthquake, preliminary bench mark coordinates and ellipsoid heights
were issued by Land Information New Zealand (LINZ), which identified that there were changes
in the location of the bench mark positions due to the uplift in the coastal area. Initial
reports of data collected 29th and 30th November 2016 by Christchurch City Council using RTK
techniques and LINZ from 5th to the 9th of December 2016 using static techniques determined
there was up to 0.98 m of vertical uplift and up to 1.97 m of horizontal movement around the
Kaikōura township and Peninsula (LINZ, 2016). These benchmarks coordinates were reissued
again in January 2018, when LINZ re-coordinated their control network in the area (A. Howes,
ECan Surveyor, personal communication, 14 September 2018). ECan resurveyed the profiles in
January 2017 after the earthquake using the preliminary bench mark coordinates and creating
their own control framework, and have since recalibrated their results to fit with the 2018
re-coordinated control network.
The physical survey lines in the study area consist of two to four physical control points in the
field, which mark the survey line in order for it to exist in the field physically and geospatially,
as shown in Figure 4.6 where the orange triangles represent the control points at profiles in the
South Bay area. ECan’s control points for this survey area include nails in a fence, a bolt in the
ground or a waratah in the ground. For the surveys conducted prior to the earthquake, there
was no significant movement of the control points over the observed time period, and therefore
the survey line consistently measured the same physical and spatial profile.
The earthquake caused large scale horizontal and vertical movement, which resulted in the
movement of the physical control points. Following an event of such magnitude, there are two
options when resurveying the beach profiles, as seen in Figure 4.7, which shows the movement
of the beach profile, and the new geospatial and physical survey lines. The first option is to
resurvey the physical survey line in the field using the new locations of the physical control
points, and accept that the same piece of land is being measured but in a different geospatial
location. The second option is to resurvey the geospatially correct line, which resurveys the
profile using the pre-earthquake spatial line, but does not use the physical control points in the
field. Using this method accepts that the ground that is being surveyed may be different to that
previously surveyed, but the profile line location is geospatially consistent over time. Following
an earthquake, a decision needs to be made whether to measure the physical or geospatial line
herein. Each line will produce different results, but both will record a disturbance in the long-
term data set. Disturbances recorded by measuring the physical survey line includes the physical
deformation of the ground when the control points are not translated uniformly. The distance
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Figure 4.6: Profiles KCK2470 (left), KCK2486 (middle) and KCK2496 (right) profile lines, with control points
intersecting the profile line in their pre-earthquake positions. Basemap sourced from the LINZ Data Service.
between the control points may change also with deformation, and therefore the across-shore
position along the survey line will change also, as shown in Figure 4.7A. Disturbances recorded
by measuring the geospatially correct line are inclusive of the surveying of a different piece
of physical land, but is geospatially consistent with the pre-earthquake dataset, and therefore
continues to measure the geomorphological change along the same plane as pre-earthquake.
Land with previously relative lower elevation could move into the spatially correct plane, and
the geomorphology of the beach profile could appear as if there was a loss of volume in sediment,
as seen in Figure 4.7B. In terms of the geospatially correct survey line, there has been a loss of
sediment, but it is not due to erosion or extraction, it is due to lateral movement of a different
segment of land into the spatially correct plane.
The decision was made in this study to resurvey the geospatially correct line. This decision
was made due to keeping consistancy with ECan’s decision to also measure the geospatially
correct line, and therefore the 2018 survey results would be comparable to the 2017 survey. The
measuring of the geospatially correct line is justified by the fact that the geomoprhic features
of the beach profile is a proxy for the environmental conditions acting on a profile, in which the
environmental conditions change in a temporal and spatial sense (Short, 1996). By continuing
to measure the geospatial line, the geomorphological change in continuously measured along
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Figure 4.7: Sequence of diagrams showing the changing of survey planes following a major tectonic event. (A) Pre-earthquake
survey line, which runs through two control points to the edge of the shoreline. (B) Uplift and horizontal translation moves the
physical control points, which moves the physical survey line. (C) Two survey lines now exist following a large tectonic event.
The geospatial line is the plane which is geospatially consistant but is not physically marked in the field. The second plane is the
physical survey plane which uses the physical control points, which acknowledges that the ground has moved but the same piece of
ground is consistently being measured.
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Figure 4.8: Four different profile lines are shown here on a simplified MSG beach profile, which are used for
analysis in Chapter 7. The four lines are: pre-earthquake (2015), uplifted 2015 profile to represent an immediate
uplifted profile after the earthquake, January 2017 survey profile, and September 2018 survey profile.
one plane, rather than switching to the physical plane which was adjusted by the earthquake.
It is believed that the geomorphological change will be fairly represented along the geospatial
plane, and this data collected can be compared to pre-earthquake profiles measured along this
geospatial line also.
Post-earthquake survey lines
There are three post-earthquake lines presented in the results section (or two survey lines when
the profile was not resurveyed in 2017), as can be seen in Figure 4.8. In the January 2017 survey,
KCK1870, KCK4220, KCK4700 and KCK5025 were not resurveyed. The three post-earthquake
survey lines used in this study are:
1. Uplifted 2015 profile line
2. January 2017 Survey (collected by ECan)
3. September 2018 survey (collected in this study)
The following will detail the methods used to collect and process the data for each of these
survey lines.
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Uplifted 2015 profile line
The uplifted 2015 profile line is representative of the beach profile immediately following the
earthquake in November 2016. The the last survey taken before the earthquake (December
2015), was uplifted using to post-earthquake control point elevations, which were recallibrated
to the January 2018 NDM update by ECan. When there was a 2017 survey of a profile, the
2015 survey was uplifted to the elevations of the control points for this profile. If there was no
January 2017 survey, the 2015 profile was uplifted to the elevations of the control points taken
in the September 2018 survey. The simulated uplift was applied to the 2015 profile in Microsoft
Excel with the assumption that the land was uplifted uniformly across the whole profile. The
rationale for this method is to simulate what the profile would have looked like immediately
following uplift, in order for the potential short-term changes between the November 2016
earthquake and the January 2017 survey to be observed. The uplifted 2015 survey line must
be analysed with caution, as there are limitations to this method, and multiple assumptions
are made when using this data. Firstly, the uplifting of this profile assumes uniform uplift
and no horizontal translation. It is known that there was horizontal translation following the
earthquake, however data to translate the profile seaward/landward correctly is not currently
available. The second assumption, is that the profile morphology remained the same from
December 2015 until November 2016. For some profiles, this is a fair assumption, where only
small changes were expected after analysing the long-term trend. For other profiles located
on the open coast and ones near rivermouths, it is less likely that the profile experienced no
changes in the 11 month period.
2017 Survey Data (Environment Canterbury)
The 2017 survey was conducted by ECan in January 2017, just over two months after the main
earthquake event. The survey was measured using a Trimble GPS system and the preliminary
benchmark coordinates issued by LINZ shortly after the earthquake. ECan created their own
control framework, by occupying several benchmarks for several hours at a time. The control
framework was recalibrated in September 2018 by ECan to the January 2018 updated LINZ
benchmark positions.
2018 Survey data collection
Beach profile surveying was undertaken from the 19th of September to the 21st of September
2018. The 18 profiles are surveyed using the pre-earthquake coordinates for the control points
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to measure the geospatially correct line. The beach profile surveys are retaken using GNSS
surveying equipment, using LINZ benchmarks coordinates which were updated on January
2018. Base stations were set up over appropriate LINZ benchmarks which had been recorded
as having been last maintained after the earthquake, and therefore had the most up to date
coordinates following the earthquake. A repeater was used to increase the radio signal for an
extra 10 km, for ease of not having to relocate the base station for surveys which were out
of line of sight of the base station. The position of profiles, base stations and repeaters are
shown in Figure 4.9. Profile lines and control points were loaded into the GNSS Trimble prior
to surveying so the spatial points for the survey line and control points could be found in the
field. The surveys were recorded using Real Time Kinematic (RTK) surveying, which recorded
points measured within 2.3 cm. The profiles were surveyed as close to low tide as possible, but
some profiles, due to time restrictions, were surveyed at high tide.
2018 Survey Data Processing
Survey data was extracted as a shapefile from the Trimble hand held unit and analysed in
ArcGIS. The measuring tool was used to measure the distance between survey points, including
the distance from the control point, in order to co-ordinate the same across-shore distance as the
ECan profiles, as shown in Figure 4.10. Survey points were collected within 15 cm horizontally
of the geospatial line in the field, and therefore parallel lines were created between survey points
to maintain a consistent distance between points taken off the survey line. Data was extracted
under the assumption that there were no significant elevation difference within 15 cm either
side of the spatial survey line in the field. Across-shore distance and elevation were extracted
from ArcGIS, and analysed in Microsoft Excel. The profiles plotted in Microsoft Excel were
then analysed and parameters such as slope, volume, width and MSL contour were extracted
using the same methods described in Appendix B. Data for the January 2017 survey was
already processed by ECan, and the methods previously used to calculate profile statistics for
the pre-earthquake data set were used to analyse the 2017 data set.
4.4.2 Sedimentology
Sediment sampling is a time consuming task for both collection and processing, however sed-
imentology data holds valuable information about sediment source and the amount of energy
acting on a beachface. Sedimentology data was collected by ECan in 1997 at the upper fore-
shore and the mid tide zone (locations of these points shown in Figure 4.3), and the data was
processed using drying and sieving methods. A new technique was adopted for this study to
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Figure 4.9: Location of base station set up and radio repeater set up over the 19th to 21st September 2018
fieldwork. Insets (left) shows the base station set up on the South Bay Wharf, and (right) the radio repeater
set up at the northern end of Gooches Beach. Basemap sourced from the LINZ Data Service. Photo credit: K
MacDonald.
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Figure 4.10: Annotated diagram of a screenshot of profile KCK3800 survey showing how the survey data was
processed using ArcGIS. The geospatially correct location of the control points and known distance between
control points meant that survey points collected along the geospatial plane could be comparable to 1997–2015
ECan surveys.
reduce collection and processing time. This method is known as Digital Grain Size (DGS)
analysis, using the transferable wavelet method, as described in Buscombe (2013). DGS allows
for researchers to use images of sediment to determine grainsize distribution in a sample, as
opposed to intrusive methods removing sediment from a site for analysis, while also reducing
the time involved in collection and processing associated with this method. The transferable
wavelet method used for this study is the most recent algorithm described in Buscombe (2013).
This method takes a grey-scale (8-bit intensity) image, and analyses it based on energy fluc-
tuations across the image, which can be representative of grain size. The algorithm identifies
peaks and troughs of energy across the image, which is used to determine the location of indi-
vidual grains, however does not measure individual grain sizes (Buscombe, 2013). The image
of sediment is treated as a random field for analysis, similar to previous forms of this method
(Buscombe et al., 2010; Buscombe and Rubin, 2012), however the Buscombe (2013) algorithm
is better equipped for poorly sorted samples, and requires no calibration for different sediment
types – consolidated, unconsolidated, sedimentary, and isotropic. Pentney and Dickson (2012)
used version 2.2 of the DGS analysis software by Buscombe in a MSG beach field environment,
and found that overall the version returned poor estimates of grain size distribution in MSG
beach environments, but reasonable approximations of mean grain size. Pentney and Dickson
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(2012) believed that taking multiple samples (50–100) would significantly improve the corre-
lation between images and sieving results, but in doing so it would offset the time reduction
benefit of this method in comparison to sieving methods.
Data collection
Images of the sediment were collected at the same time as beach profile surveys were undertaken,
from the 19th September to 21st September 2018. A hole for the camera lens and flash was cut
in the top of a box 45 cm (w) x 30 cm (d) x 30 cm (h), and all images could be consistent in
area and distance from the ground. Using a box meant that natural light was blocked out. A
flash was used when taking the images, this gave a consistent light source for all of the smaple
images taken. Using a constant height and camera angle parallel to the ground surface meant
that pixel to mm calibration was simple and consistent throughout samples.
As shown in Figure 4.11, the box was placed at the appropriate places along the beach profile
(upper foreshore and mid tide zone), based on field observations as to where it was thought
the storm berm was, and where the middle of the low and high tides were. Four images were
taken at each profile, an image of the surface at both locations, and an image 10 cm deep. The
purpose of this was to capture the differences in grainsize slightly deeper than the surface, as
it was hypothesised that finer grains may have sunk deeper into the profile through the pore
spaces created by the gravel on the MSG beach.
Figure 4.11: (A) Sediment sampling box in the field, showing dimensions and where the camera and flash is
placed. (B) Example of a sediment sample image taken in the upper foreshore at profile KCK2510, showing
that the box enables natural light to be excluded from the image, but the flash gives a consistent light source
to the sample. Photo credit: K MacDonald.
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Data processing
The GUI for the algorithm described in Buscombe (2013) was obtained freely from https://github.
com/dbuscombe-usgs and run in MATLAB. The algorithm is run through a user interface, where
images are manually loaded in and settings can manually be adjusted as shown in Figure 4.12.
Pixels per mm was calculated to calibrate the grain size statistics to be in mm and not pixels.
For this study, the images were at a resolution of 12 pixels/mm. A region of interest (ROI) was
applied to all images to ensure the outer image of the sediment sampler box is not included in
the analysis. The filter and flatten options included in the user interface are used to improve
the accuracy of the grainsize distribution (Buscombe, 2013), where the flatten function is used
to subtract any linear trends, and the filter function is used to reduce noise (Prodger, 2017).
These were tested, and did not create largely different results to a non-filtered/flattened image,
therefore these filters were applied to each image. The statistical breakdown of the results was
exported to Microsoft Excel for analysis using the save data function.
Figure 4.12: Screen capture of the DGS user interface, where images of sediment can be loaded into, a region
of interest can be selected, filters can be applied, and a resolution can be set. Size distribution is then calculated,
and a more extensive set of grainsize statistics is exported into Microsoft Excel.
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The statistical breakdown gave both the arithmetic and the geometric means, sorting, skew and
kurtosis; percent of sand, gravel and cobble in the sample; and the mm grain size at various
percentiles. The graphic mean was calculated using the Folk and Ward (1957) equation:
Mz =
Φ16 + Φ50 + Φ84
3
(4.1)
Grain size statistics calculated from this method were then compared to 1997 ECan sedimen-
tology data to detect major changes across profiles over the 21 year period. Graphic mean and
composition percentages were used to detect overall changes in the profiles.
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Chapter 5
Kaikōura’s Mixed Sand and Gravel
Beaches
The following chapter presents results which contribute to achieving Objective 1: To establish
the pre-earthquake long-term trends of the unconsolidated coastal environments in Kaikōura,
through the means of geomorphology and sedimentology.
5.1 Introduction
Various beach classification schemes have been developed in past studies using key geomorphic
parameters of a profile and environmental conditions acting on a site to classify different beach
types, as shown in Table 5.1. Geomorphic parameters are considered to be dependent variables,
which are the beaches physical characteristics that are influenced by environmental conditions.
Environmental conditions are considered to be independent. They are processes which are
variable both spatially and temporally, but influence basic coastal geomorphology (Wright and
Thom, 1977). Variations of both geomorphic and environmental conditions are often used to
classify different beach types.
Beach classification based on geomorphic parameters was first introduced by Wright and Thom
(1977) with their broad morphodynamic approach to coastal depositional systems, highlighting
the use of environmental conditions in determining the state of a coastline. Following this study,
various physical classification schemes have been developed, with particular regard to classifying
sand beach systems (Short, 1979; Wright and Short, 1984; Masselink and Short, 1993), using
for the most part wave climates and sedimentology as key parameters to distinguish different
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beach types. Coarse clastic beach classification schemes were developed alongside the timing of
sand beach classification schemes, however held less of a focus in coastal science. Prior to the
Jennings and Shulmeister (2002) study, coarse clastic beach classifications had been focused on
sediment deprived gravel beaches in the northern hemisphere (Carter and Orford, 1988; Carter
et al., 1990; Orford et al., 1996), of which they have very differing environmental processes acting
on the sites than the study area at the focal point of this research, such as sediment supply
(Jennings and Shulmeister, 2002). Jennings and Shulmeister (2002) was the first New Zealand
specific coarse clastic beach classification scheme, and used primarily geomorphic parameters
to determine the difference between pure gravel, composite and MSG beaches. A more recent
study by Scott et al. (2011) used a combination of environmental conditions and geomorphic
parameters to classify UK coarse clastic beaches through statistical analysis. A combination
of methods from both Jennings and Shulmeister (2002) and Scott et al. (2011) are adapted for
this study.
Jennings and Shulmeister (2002) suggest that coarse clastic beach types have within-type varia-
tions, and beaches will change within this spectrum following major events. These within-type
variations of MSG beaches have not been acknowledged in literature, however field observations
of the Kaikōura coastline indicate there is a spectrum of within-type variations of MSG beaches
present within the study area. The parameters used in Jennings and Shulmeister (2002) only
classified beaches down to the level of MSG, pure gravel and composite beach types, however
the aim of this study is to further define the within-type variations of MSG beaches. If this
study only selected the parameters from Jennings and Shulmeister (2002), it would only prove
that the Kaikōura beaches in the study area are MSG beaches. There is no single set of pa-
rameters which will define a beach type. Often when singular parameters are analysed, as will
be discussed in the subsequent sections, the expected range of the parameter will overlap with
that of other beach types. It is therefore important to used a range of parameters in order
to correctly classify beach types. Scott et al. (2011) most recent study used a combination of
both geomorphic parameters and environmental conditions to create a gravel beach classifica-
tion scheme. This Chapter aims to further classify the MSG beaches using a combination of
geomorphic parameters listed in 5.1, then additionally synthesised the results using the various
environmental conditions specific to the study area described in Chapter 3.
The following chapter presents research surrounding geomorphic parameters in gravel and sand
beaches, with a specific focus on MSG beach types to determine how the parameters differ
between beach types. These geomorphic parameters are then used to conduct a cluster analysis
to identify and describe the within-type variations of MSG beaches on the Kaikōura coastline,
of which the results are further synthesised by the calculated environmental conditions. Specfic
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methods for how these parameters were calculated can be found in Appendix B and C.
5.2 A review of geomorphic parameters
Geomorphic parameters are the dependent variables which measure the physical characteristics
of the geomorphology of a beach. Various geomorphic parameters are used in this study to
further define the within-type variations of MSG beaches. The following presents a review
of literature of the geomorphic parameters used in this study, how they are used throughout
previous classifications schemes, as well as what values are expected to be found at different
beach types.
Beach width
Beach width is not a common parameter distinctly used to classify beaches. It is acknowledged
throughout literature, but is rarely used as a key parameter, mostly due to its correlation with
other commonly used parameters such as beach slope (Scott et al., 2011). This parameter is
highly variable across all beach types and environments. It is described in Wright and Short
(1984) that dissipative (sandy) beaches are naturally much wider than reflective beaches, of
which sand beaches can exist on a scale from a few metres to 1 km wide (Masselink and Kroon,
2009). Sand beaches have the ability to be very wide due to the low slope nature of a sand
beach environment attributed to its small grain size. Jennings and Shulmeister (2002) found
New Zealand pure gravel beaches to have widths from 18-50 m, while composite beaches can
vary from <20 m to >60 m wide. MSG beaches typically range from 30 m to 200 m in width
(Kirk, 1980; Shulmeister and Jennings, 2009). Beach width as a geomorphic parameter can
not distinguish a beach type on its lonesome, due to the significant overlap of this parameter
between gravel and sand beaches. Field observations in Kaikōura throughout this study noted
that beach width was a dependent variable which was highly variable along the Kaikōura
coastline, and therefore was used as a geomorphic parameter to further define these beaches
within the MSG beach realm.
Beach volume
Beach volume is calculated in this study as the amount of subaerial sediment beneath the active
beach profile, above MSL. Various methods throughout literature are used to calculate the raw
volume, but methods are also adopted as a proxy to identify changes in sediment volume. The
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Table 5.1: Literature review of studies which have classified different beach types, and the parameters used in
these study to classify the beach type and within-type variations.
Source Beach type classification scheme Key identified parameters
Bluck (1967)
Gravel Beaches





-Deep water and breaker wave height and period
-Wind direction and velocity
-Position and scale of all beach and surf zone forms
-Beach gradient
-Mean grain size







Caldwell and Williams (1985) Gravel beaches Trigometric shape of beach profiles and berm location.
Short (1991) Macro-Meso tidal sand beaches





-Beach length and scarping
Masselink and Short (1993) Reflective dissipative sand beaches
-Breaker height
-Wave period
-High tide sediment fall velocity
-Tide range




Hegge et al. (1996) Sheltered beaches with low wave energy
-Sedimentology
-Dimensions of geomorphic features
-Slope
-Curvature
-Wave and long shore wave climate











position of the MSL contour can be used as a proxy for volume change in equilibrium sand
beach environments (Farris and List, 2007), however this proxy is not accurate for sand beaches
with high seasonal (or storm/swell) variation (Quartel et al., 2008). No literature suggests using
this as a proxy in a MSG beach environment, however it should be noted that this study found
that MSL contour and volume mostly followed similar long-term trends and showed distinct
spikes in sediment change in the subaerial environment at sites which were not very dynamic in
nature. It could not confidently be used as a proxy in all MSG beach environments, as shown
in Figure 5.1, where a very dynamic profile (KCK2200) underwent significant volume loss, but
experienced shoreline progradation at the same time. Therefore both the MSL contours (or 1 m
contour when necessary) and the raw sediment volume were calculated and analysed separately
to identify long-term trends.
Literature surrounding beach volume in coastal science is often discussed as volume change.
Volume as a raw value is not indicative of a beach type, however there is distinct variability
in trends of volume change across different beach types. It must be acknowledged that volume
change does not always indicate erosion or accretion, as often a change in volume is indicative
of sediment redistribution across a profile, from the subaerial environment to the nearshore
environment, and therefore the sediment still remains in the beach system. An example of
this is a sandy beach response to a storm event by forming a bar in the nearshore in order to
dissipate incoming wave energy, suppressing further onshore erosion (Sallenger Jr et al., 1985).
Volume change in a MSG beach environment can also be indicative of redistribution of sediment
(Single, 1985), however lots of energy is required to push gravel onshore once it travels seaward
of the break point step. Once sediment is transported off the breakpoint step it is often lost
from the system (Kirk, 1980).
MSG beaches are made up of coarse material which has the ability to absorb more wave energy,
and and therefore undergo a smaller amount of volume change in storm events when compared
to sand beach response (Dingler, 1981). In previous literature, sand beaches are the focal point
of beach volume analysis, with particular regard to storm response and the movement of the
sediment across a beach profile into the nearshore. Changes in sediment volume on sandy,
seasonally variant beaches have been recorded in the order of 100 m3m−1 in response to a
storm (Aubrey, 1979), 50 m3m−1 variation over several months (Dubious, 1988), to 19 m3m−1
change in the total volume of a sandy beach in a micro tidal environment over a season (Quartel
et al., 2008). There is large variation when discussing the expected sediment volume changes
in a sand beach environment, and the results are highly dependent on the scale of the event
disturbing the beach profile. Literature surrounding MSG volume change in a beach has been
more recently addressed by Brown (2017). Brown (2017) used XBeach-G to run different wave
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Figure 5.1: Volume and 1m horizontal contour changes over the 1997–2015 period for profile KCK2200 (left)
and KCK3684 (right). The figures show that the 1m contour and the volume track very similarly at profiles
which are less dynamic, however at profile KCK2200, the 1 m contour can vary significantly, while its volume
is undergoes much less significant year to year changes.
heights against tectonically disturbed beaches, and found that volumes in an uplifted beach
with various wave heights acting on it suffered subaerial volume loss, but sub aqueous volume
gain. Under large waves, the subaerial beach profile was seen to erode 50 m3m−1.
OCEL Consultants NZ Ltd (2016) conducted a beach volume analysis of profiles located near
the Kaikōura township to aid the consent application for renourishment by Kaikōura District
Council. In the report, and matched by the results calculated in this study, over the 18 year
analysis, the beach profiles considered to be erosional and require renourishment, had a net
rate of change between −1.2 m3 to +1.1 m3 per year (inclusive of years where renourishment
was undertaken), with year to year changes never reaching more than +/− 10 m3. This shows
that MSG beaches only require small amounts of net change to be considered in an erosional
state when compared to the previously discussed response of sand beach environments. The
MSG beaches at the focus of the OCEL Consultants NZ Ltd (2016) research were also small
in volume, and there for what would be considered to be a small loss of volume in a large
sand beach environment, is relatively large in a narrow MSG high energy environment. Beach
volume was used in this study as a raw value, as a geomorphic parameter to establish the size
of the beach profile, and also to determine the long-term trend of the profile by assessing the
beach volume change from year to year.
Beach slope
Beach slope, aside from sedimentology, is the most common geomorphic parameter used in
existing classification schemes. In previous literature it has been measured as a beach gradient
across the whole beach width, or as a gradient for separate sections of the beach. The common
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use of this parameter is likely due the information that can be drawn from beach slope, such
as grain size, hydraulic conductivity and wave energy. In the Wright and Short (1984) model,
wide dissipative beaches have low slopes, whereas narrow reflective beaches have steeper slopes.
Sand beaches typically have flatter beach slopes than gravel beaches due to the relationship
between beach slope and increasing grainsize in the foreshore (McLean and Kirk, 1969). Beach
slope is also influenced by permeability of sediment in the foreshore and the wave energy acting
on it (Bascom, 1951; Masselink and Li, 2001). Beach face slopes (measured from highest berm
to low tide) of pure gravel beaches are found to be from 0.1–0.25, composite beaches slopes from
0.03–0.1, and MSG beaches are thought to be from 0.04–0.12 (Jennings and Shulmeister, 2002).
Like beach width, this parameter overlaps between different beach types and therefore can not
be used by itself to classify beaches, however the parameter is indicative of other information
relating to the geomorphology of the profile.
Berm height
Elevation of the storm berm was a key parameter employed in the Jennings and Shulmeister
(2002) study which helped to distinguish gravel, MSG and composite beaches. The elevation
of the storm berm varies between sites as a result of exposure to wave action, grain size, and
beach slope (Hanslow et al., 2000). Berms are formed by deposition at the wave run-up limit,
and the height of the wave runup is a result of wave conditions approaching the coast (Hunt,
1959). As noted by Hanslow et al. (2000), exposed beaches are expected to have higher average
berms than protected beaches due to the higher wave runup. Steeper beaches have higher berm
heights than flatter beaches, as steeper beaches tend to have a higher runup, and the coarser
sediment has the ability to be piled up into a steeper angle of repose. Both the average heights
of the berm and the storm berm were used in this study as a geomorphic parameter.
Long-term trend
Long-term trend is not a common parameter used for classifying beach types, however it en-
compasses multiple environmental conditions, including the balance between sediment supply,
transport and wave energy. Kirk (1980) stated that MSG beaches tend to occur on high energy
coasts with a long-term erosional trend, whlie other studies have detailed coastlines which have
variable long-term trends on MSG beaches (Berger, 2017; Carruth, 2017). High wave energy is
a common setting where MSG beaches occur which may suggest that the coastline would be
eroding in a high energy environment, however the long-term trend is also strongly effected by
coarse sediment supply and its transport to the profile, and therefore long-term trend is site
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dependent. While it is not a common parameter used throughout literature for beach clas-
sification, it was used in this study as an additional parameter to define further within-type
variations of MSG beaches, as beaches which exhibited similar long-term trends were expected
to have similar geomorphic properties as a result.
Sedimentology
Various aspects of sedimentology, including particle shape, mean grain size and sorting, are
identified throughout beach classification literature as a key parameter to use when distin-
guishing a beach type. Most studies listed in Table 5.1 use some form of sedimentology in their
beach classification scheme. Mean grain size is the most widely used sedimentology measure
(Masselink and Hughes, 2014). MSG beaches typically exhibit grain sizes between coarse sand
and pebbles, whereas pure gravel beaches mainly comprise of pebble sized sediment (Jennings
and Shulmeister, 2002). Sand beaches have sand sized sediment, however there can be vari-
ability of this from fine to coarse grained sand (Short, 1979, 1991). Sedimentology is the key
parameter in beach classification, which on the broadest scale can be used solely to classify a
beach type, however it is a dependent variable which is influenced by its environmental condi-
tions, including wave climate and sediment supply. The parameter can be difficult to enforce in
a MSG beach environment where sediment patterns across-shore are unknown, and extremely
variable. It is difficult to get a sediment sample on a MSG beach which is representative of the
whole profile.
Sorting of the beach sediment is influenced by wave energy, sediment supply and sediment size.
In pure gravel and pure sand beaches, grain size decreases away from the sediment source and
sorting increases (Sunamura and Horikawa, 1972), however the processes surrounding MSG
beaches are thought to be more complicated (Pickrill and Mitchell, 1979). McLean (1970)
found no strong trends suggesting sorting increased with distance away from rivermouths in
Kaikōura. Dawe (2001) came to similar conclusions as McLean (1970), in which the sediment
source for some beaches were relict deposits which existed from old sediment sources, as there
was no direct relationship between sorting/grain size and distance from the river source in
Kaikōura.
Sorting, particle shape and packing are all sedimentology parameters which play an important
part in gravel beach geomorphology where the hydraulic conductivity heavily influences beach
slope. Hydraulic conductivity is the ability for water to transmit through sediment. Buscombe
and Masselink (2006) state that hydraulic conductivity is sensitive to grain size, the distri-
bution of sediment on the surface, and the variation of sediment size with depth. In a pure
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gravel environment, Buscombe and Masselink (2006) suggests that there is a linear relationship
between hydraulic conductivity and mean grain size, however this relationship is different for
mixed sized distributions which have poorer sorting (Horn, 2002). Sand beaches tend to have
poorer hydraulic conductivity due to the small grain size and tight sediment packing, whereas
gravel beaches have higher hydraulic conductivity (Horn et al., 2003).
5.3 Classification of Kaikōura MSG beaches
Using the geomorphic parameters described in Section 5.2, a cluster analysis was undertaken to
determine whether there were distinct within-type geomorphic variations of the MSG beaches
along the Kaikōura coastline. The cluster analysis showed that while there was a gradient of
change between the groups, there are predominantly three main groups which represent the
different within-type variations in the study area, as shown in Figure 5.2.
The three dominating groups are: (1) accretionary South Bay beaches; (2) wide and flat open
coast and rivermouth beaches; and (3) steep and narrow beaches. The distribution of these
groups shows a geographical trend in location, as seen in Figure 5.3, where Group 1 is located
in South Bay, Group 2 is located on the open coast and near rivermouths, and Group 3 is
predominantly located close to the Kaikōura Peninsula. The images, as shown in Figure 5.4,
show that there is physical variability throughout all profiles, showing Group 1 profiles have
developed berms, are steep, wide and have a lot of sediment. Group 2 appears to have a smaller
grain size, and are significantly wider and flatter relative to the other groups. Group 3 profiles
have less volume of sediment and are much smaller beaches that Group 1 and 2. Principal
Component Analysis showed that volume, slope and beach width were the components which
contained the most variability between the within-type variations. Sorting was shown to have
the lowest variability in the data set, which is likely due to the MSG beach nature being poorly
sorted, as it comprises of a wide range of sediment sizes, and therefore most profiles would
share this characteristic.
MDS ordination, as shown in Figure 5.5, shows the 2D distribution of clusters for 6 of the 10
tested parameters. This analysis shows that Group 1 and Group 3 are tightly clustered with
similar parameters measured, whereas Group 2 is more sparsely clustered, and there is more
variability of individual parameters within the group than seen in the other two clusters. Group
2 consists of the outliers of the profiles analysed, as seen in both Figure 5.2 and 5.5, where profile
KCK4200 and KCK4700 are distanced from the central cluster. While this cluster is sparse in
distribution, it is grouped together due to its relative similarity in parameters when compared
to other groupings, with particular regard to width, volume and slope. Between three groups
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Figure 5.2: Results of Hierarchical Cluster analysis showing three main clusters, and profile KCK4200 as an
outlier. Group 1 consists of profiles which are located in South Bay which have a strong accretionary trend.
Group 2 profiles are predominantly located in open coast and rivermouth environments. Group 3 consists of
profiles which are steep an narrow, and distributed widely throughout the study area.
identified, there are distinct characteristics which, while existing on a gradient of MSG beach
characteristics, are distinctive enough to be considered a within-type variation. The following
will describe each within-type variation of an MSG beach determined from the cluster analysis,
well as how environmental factors discussed in Chapter 3 which also influence the profiles and
can create further variations of the MSG beach state.
5.3.1 Group 1: Accretionary South Bay beaches
This category of beach has an active width range of 55 m to 100 m, and exhibit intermediate to
steep profiles of 0.09 to 0.15. These beaches have strong accretionary trends, proven through
continued subaerial volume increase and progradation of the MSL contour throughout the
analysed period. These profiles have a wide range of mean clast size of granule (−1.76Φ) to
small pebble (−3.74Φ) on their upper foreshore, and the material is all moderately (0.85) to
well sorted (0.37). In the mid tide zone, the graphic mean clast size is granule (−1.5Φ) to small
pebble (−3.25Φ), of which the material is moderately well sorted (0.59) to very well sorted
(0.33) in this zone, of which the sorting promotes good permeability in the foreshore. Profiles
in this group have high storm berm elevations (6 m) indicating moderate to high exposure to
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Figure 5.3: Distribution of groups based on the cluster analysis using geomorphic parameters. The cluster
analysis results showed that there were 3 main variations of MSG beaches found in the study area, and they
are predominantly distributed in geographically similar areas with common environmental conditions acting on
the profiles. Basemap sourced from the LINZ Data Service.
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Figure 5.4: Images taken August 2018 of the three different beach groups: (Top) Group 1 accretionary South
Bay beaches, taken at KCK2486 and KCK2550; (middle) Group 2 wide and flat open coast and rivermouth
beaches, taken at KCK2200 by the Kowhai rivermouth and KCK4220 by the oxidation ponds; and (bottom)
Group 3 steep and narrow beaches, taken at KCK3737 and KCK5025. Photo credit: K MacDonald
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Figure 5.5: MSD ordinations of beach profiles from the similarities matrix, showing the variation of each
parameter for each group, as per the scale at the top right of each graph. The dashed lines represent the
grouping of profiles as per the MSD ordinations and hierarchical cluster analysis.
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wave energy at these profiles. These profiles have variability in their berm elevations of 2.5 m
to 4 m. All of these profiles are located in the South Bay area of the study area.
When considering environmental conditions acting on this group, no sub categories are required,
as seen in Table 5.2. The profiles are located in South Bay, in which the Peninsula acts as a
sediment trap, in which sediment is transported a short distance along shore from the Kahutara
and the Kowhai Rivers, and build up in South Bay. Wave and wind climate conditions favour
the accretionary trends at these profiles. The constant sediment supply has allowed these
profiles to sustain a large volume of sediment over a long period. A prevailing wind direction
from the south influences the alongshore transport in a north direction, using swash zone
processes to transport gravel from the main rivers. Limestone rock shore platforms in the
nearshore environment, especially east of profile KCK2550 shows that long shore transport
seizes at this point, as the gravel can not transport itself in the swash zone around the miniature
headland, and therefore builds up sediment. The nearshore limestone platforms may play a
role in dissipating wave energy as it approaches the coast, and therefore minimising the effects
of large wave events on these profiles.
5.3.2 Group 2: Wide and flat open coast and rivermouth beaches
The cluster analysis created the sub group of wide and flat open coast and rivermouth beaches
from the outliers of the profiles, of which the profiles were sparsely distributed in the 2D MDS
ordination plot (Figure 5.5). This category of beach is very wide (100–165 m) and is very
flat with low gradient slopes (<0.08). These beaches have very dynamic trends overall. The
MSL excursion data shows that these beaches prograde and transgress significant amounts from
year to year, exhibiting cyclical behaviour with the recovery of lost subaerial sediment volumes
often by the following annual survey. The graphic mean clast size of Group 2 profiles ranges
from coarse sand (0.33Φ) to very small pebbles (−2.6Φ) in their upper foreshore, with most
profiles in this area having poorly sorted (1.25) textures. In the mid tide zone, the graphic
mean clast size ranges from very coarse sand (−0.4 Φ) to medium pebble (−4.79Φ), in which
the sorting in this zone is from poorly (1.52) to moderately sorted (0.81), which may promote
less permeability in the foreshore. The storm berm elevations at these profiles are the same or
higher than profiles described in Group 1 (5.5–7.5 m), meaning that these beaches are exposed
to the same or higher amounts of wave energy. The exception to this is KCK2200, which storm
berm elevation is 4 m, however this is likely related to the much larger width that this beach
profile exhibits.
Based on environmental conditions acting on the sites, Group 2 profiles can be further divided
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based on the distance to a sediment source, and the features at the profile, as seen in Table
5.2. Profile KCK2200 is located at the mouth of the Kowhai River, where it often has a Hapua
lagoon outlet running through the bottom of the profile. This profile can therefore be grouped
by itself, as its close proximity to the rivermouth offers an immediate sediment supply to the
profile, and is responses to fluctuations in the outflow of the rivermouth. The remaining profiles
in this group are still located closer to sediment supplies than other groups, but rely in long
shore swash zone transport for sediment. The profiles in this group are all located at a distance
from the Peninsula, and undergo more exposure to the high energy wave climate as they are
not sheltered from north easterlies and southerlies to the extent profiles in Group 1 and 3 are.
There are no limestone reef sections at these profiles, and therefore no dissipation of incoming
wave energy, leaving the beaches exposed to large wave and storm events, and causing the large
fluctuations in subaerial volume and shoreline extents.
5.3.3 Group 3: Steep and narrow beaches
This category of beach is narrow in width (30–60 m) and steep (0.11–0.20). These beaches
have weak trends, both erosional and accretionary, except for profiles KCK3800 and KCK3855
which have strong accretionary trends similar to those in Group 1. The MSL excursion plots
of these profiles show that they exhibit cyclical behaviour showing both accretion and erosion
responses to previous years changes, but the MSL contour does not change position significantly
from year to year as it does with the profiles from Group 2. There is a lot of variability in the
mean clast size and sorting texture between the profiles in this group. The graphic mean clast
size on the upper foreshore ranges from granule (−1.54Φ) to large pebble (−5.52Φ), and varies
from poorly sorted (1.63) to well sorted (0.47). The mid tide zone also has variability, with
its medium clast size ranging from granule (−1.39Φ) to medium pebble (−4.03Φ), and ranging
from poorly sorted (1.09) to moderately well sorted (0.56). The storm berm elevations at these
profiles are at or less than 5.5 m, and berm elevations are between 2.5–3 m.
Based on the environmental conditions acting on the profiles in this group, the group can be
further divided into 4 subgroups, primarily based on the sediment source supplying the profile
and how it is transported to the profile. As detailed in Table 5.2, this group is inclusive of
many different environmental settings, where 3 out of 4 of these sub groupings are sediment
starved. Profile KCK2575 is classed as a narrow and steep swash effected beach, as it is located
too far around the Peninsula to trap sediment from the long shore drift which nourishes the
Group 1 profiles, due to the minature headland and limestone platforms blocking swash zone













































































































































































































































north easterlies which impact the profiles located north of the Peninsula. Profiles KCK3659
to KCK3737 have long-term erosional trends, and significant amounts of sediment have been
used to artificially renourish these profiles in the past in order to stabilise them. These profiles
are located close to the Peninsula along the Esplanade, and therefore are very distant from the
main sediment source of the Peninsula (From the Hāpuku River). A small headland by the Lyell
Creek, paired with the distal sediment source, is likely to be the cause of sediment starvation at
these profiles. Sub-groups 3A and 3B are similar in that barriers interupt swashzone sediment
transport, through geographically these two sub-groups differ. Profiles KCK3800 and KCK3855,
located near the I-site and the Railway station, are geomorphically most similar to Group 3
profiles, however a big difference between these profiles from the rest of the Group 3 profiles is
its strong accretionary trends, similar to Group 1 profiles. The profiles are located just north of
the Lyell Creek, which is likely the extent of sediment transport south from the Hāpuku River,
highly influenced by wave refraction around the Kaikōura Peninsula. These two profiles are the
only Group 3 profiles which have a constant sediment supply. KCK5025 is categorised as being
a narrow and steep eroding beach, as it is the only profile out of the four in this group that is
strongly eroding. It is not known whether the profile is not supplied with enough sediment as
majority of sediment moves south from the Hāpuku River, or if the small bay just north of the
profile is a sheltered area in which the sediment is settling and moving past profile KCK5025
where the profile is quite exposed to wave energy.
5.4 Conclusions
This chapter comprises a unique review of beach classification techniques and literature from
the perspective of usefulness in MSG beach analysis, as the basis for developing a classifica-
tion scheme to determine the different within-type variations of MSG beaches there are in the
Kaikōura study area. The results of this analysis showed that there are three main geomor-
phic groups which exist as within-type variations, of which within the three groups, there are
smaller clusters which exist due to the different environmental conditions acting on each pro-
file. Profiles south of the Peninsula have more favourable wind and wave climate conditions for
transporting sediment, as well as two large river systems supplying sediment. Profiles north of
the Peninsula are supplied with sediment from one main source, which is double the distance
away from profiles than those located south of the Peninsula. Wave refraction helps transport
some sediment to profiles north of the Peninsula, however profiles south of the Hāpuku River
are dependent on the prevailing NE wind direction to drive a southward swell direction to trans-
port river from the sediment. Swash zone processes which transport gravel alongshore proves
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to be a main factor in which determines sediment starvation at a profile, in which profiles in
Group 3 (KCK2575–KCK3737) are affected due to sediment not being able to be transported
to the profiles by swash zone processes, and therefore exhibit weak erosional trends. Sediment
supply to a profile was apparent in being a strong driver in long-term trends at a profile, and
consequently had an affect on its within-type classification. A later chapter will discuss the
implications of this finding in the context of a post-earthquake environment.
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Chapter 6
Surveying in a Post-Earthquake
Environment
The following chapter presents results which contribute to achieving Objective 2: To evaluate
post-earthquake surveying techniques and the data captured through the use of different methods.
6.1 Introduction
The use of data acquired from UAV’s and satellites is favourable in a post-earthquake environ-
ment because it does not require the restoration of the geodetic system, and it does not require
people to enter the affected area (unless using a remote aircraft such as a drone). Captured
LiDAR data to generate digital elevation models (DEM) and aerial imagery can be a quick
way to determine areas of significant change following an event (Singh et al., 2002; Duffy et
al., 2013; Xu et al., 2014). Surveying on the ground using GNSS equipment is a technique
used to determine more detailed post-earthquake changes, especially for cadastral surveying
and monitoring geomorphic changes (Morton et al., 1993). For the purpose of this study, to
further understand the response of a MSG beach following an earthquake, a high level of detail
is required. This chapter will explore and critique three commonly used surveying techniques:
(1) GNSS beach profile surveying; (2) DEM differential maps generated from LiDAR data; and
(3) Historical shoreline analysis using aerial imagery. The data extracted using these three
techniques will be examined for its usefulness in informing the response of MSG beaches after




This section will detail the data which can be extracted from three popular surveying techniques,
the level of accuracy involved in the technique and the data resolution which could inform the
conceptual response model of MSG beaches.
6.2.1 Beach profile surveying
Beach profile surveying is a prominent and common technique used to infer long-term trends
of a coastline, as well as to inform coastal management decisions and engineering applications
in a coastal area (Morton et al., 1993). GNSS beach profile surveying is a high accuracy and
resolution technique used to continuously monitor beach profiles over a long period of time,
in which can track both beach shape, volume and shoreline trends across a period. The data
collected using this technique is of a high enough resolution to show long-term trends over a long
time period and inform a conceptual response model. Aerial imagery and LiDAR can be used
to compliment beach profile surveying, however will never be able to compete with the small
margin of errors involved with the surveying equipment used (2 cm for GNSS survey equipment
used, 15–25 cm for LiDAR DEM). As previously mentioned in Chapter 4, the downfall of using
GNSS survey equipment in a post-earthquake environment is that it is most commonly used
with the geodetic system. Following an earthquake, the geodetic system is warped and needs
to be re-established, which can take months to years after the event to be done accurately
(Winefield et al., 2010).
Beach profile surveying has the ability to collect a point at each change in slope, as per the
judgment of the operator. This can mean that clear and easily accessible areas, such as an open
beach environment, change be accurately surveyed. As shown in Figure 6.1, profile KCK3855
has very small berms that can be measured in great detail, and from this, changes in volume
and foreshore extents can also be derived in comparison to previous years records. Beach profile
surveying is the only method in which beach shape change can be analysed with accuracy and
great detail. In Figure 6.1, the uplift of the 2015 profile could simulate what the profile would
look like immediately following the earthquake, and therefore could help inform movement of
sediment in the across-shore environment following the earthquake, and whether there was
progradation and/or volume gain beyond the initial uplift. The post-earthquake red lines in
Figure 6.1 show that after the earthquake there was progradation of the shoreline and a berm re-
established at an elevation similar to the berm in the 2015 profile. These results, when validated
through various other beach profile responses, can be used to inform a conceptual model. As
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Figure 6.1: Beach profile survey collected using GNSS surveying equipment at profile KCK3855 near the
railway station. The four different lines represent different time periods: 2015, immediately after the earthquake,
January 2017, and September 2018.
the beach profile represents only a small portion of the coastline, multiple profiles need to be
monitored and compared in order to be able to establish an idea of what is happening in the
coastal environment as a whole, and the small detailed profile responses need to be validated
by other within-type profiles to ensure the response is common and not a result of the small
section being monitored.
6.2.2 Digital Elevation Model
LiDAR data can be used to develop a DEM, and a differential DEM can be developed by
subtracting the 2012 DEM from the 2018 DEM (Figure 4.4) to determine the elevation changes
after an event over a large area. It is an attractive surveying technique in a post-earthquake
environment for many reasons, including spatial coverage, it can operate independently of the
geodetic system, and it has a quick processing time (Hart et al., 2015; Clark et al., 2017). It
requires no on ground contact, minimising risk to people entering a tectonically active area. It
also requires no adjustment of the geodetic system, and therefore is a reliable source of data to
determine change from immediately after an earthquake. Depending on the scale of the area
being surveyed, data collection can be costly, though processing the data can be done at low
cost. After the 2016 Kaikōura Earthquake, LiDAR data was collected immediately after the
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earthquake to help inform recovery efforts, by determining where landslides had fallen blocking
main transport routes such as SH1, and where train tracks had been displaced. The 1 m
resolution LiDAR is appropriate for measuring landslides which have displaced thousands of
tonnes of sediment. The 1 m resolution LiDAR is not sufficient for accurately determining
changes on a scale less than 1 m, such as small berm changes on a beach. An issue with using
LiDAR is due to the costs involved, as there is usually an event which prompts the collection
of this data, and therefore it is not frequently collected as is done with the GNSS beach profile
surveying. This also means that the changes in the coastal environment, due to the 6 year
time gap between the LiDAR data used in this study, can be attributed to the earthquake, and
therefore red areas (in Figure 6.2) are deemed to have eroded/subsided and therefore there is
a decrease in sediment volume, while green areas have accreted/uplifted, and therefore there is
an increase in sediment volume over the analysed period.
The differential DEM, shown in Figure 6.2, details that areas close to rivermouths have under-
gone an increase in subaerial sediment between 2012 and 2018, and shows sediment build up at
land features which interupt swash zone sediment transport. This is seen in Figure 6.2, where
profiles KCK3800 and KCK3855 have undergone elevation changes of over 1 m in their coastal
environment, and profiles located south of the Lyell Creek mouth, where there is a feature
interrupting sediment swash zone transport, show patches of erosion and/or subsidence in the
foreshore along the Esplanade at profiles KCK3737 and KCK3712. This same trend is apparent
in the right image of Figure 6.2, where profiles in South Bay are collecting sediment, and a sea-
ward extended features stops sediment from reaching KCK2575 through long shore transport
in the swash zone, creating an different trend to the Group 1 accretionary South Bay beaches.
When the differential DEM is compared to the elevation and beach shape change derived from
beach profile survey data, the results are very similar. The DEM shows erosion/subsidence in
the upper foreshore of profiles along the Esplanade (Figure 6.2), in which the beach profile data
can confirm that this is erosion.
Cross sections can be extracted from a DEM to replicate a beach profile survey. Figure 6.3
shows a 2018 GNSS beach profile survey at KCK3684 compared to the cross section extracted
from the DEM along the same geospatial survey line. Cross sections extracted from DEM’s
can be used in place of a beach profile survey, however features smaller than 1 m can not be as
accurately depicted using this method as in GNSS beach profile surveying. Figure 6.3 shows the
errors involved in extracting cross sections from a DEM are much larger than the GNSS beach
profile survey. The extracted profile uses more points (every 1 m) to create the profile than the
profile generated using GNSS equipment, and therefore it may generate some small berm like































































































































































































































































































































































Figure 6.3: Profiles from profile KCK3684 extracted from the 2018 DEM using the 3D analyst tool in ArcGIS
(left) and beach profile survey collected using GNSS surveying equipment (right). The raw data is represented
with a black solid line. Red dotted lines account for the error in the technique, where DEM will have a 0.2 m
(0.15 to 0.25 m) vertical accuracy, and GNSS beach profile surveys will have 0.02 m vertical accuracy.
may miss small berms all together. Generally the cross sections extracted from DEM’s can be
used to generate reasonably accurate volumes and and shoreline changes, however the accuracy
and detail required for depicting changes in beach shape is not obtainable from DEM’s.
6.2.3 Aerial imagery
Aerial imagery is used to determine the historical shoreline change by measuring consistent
morphological features on a coastline and tracking its migration over time. Aerial imagery
is available for well populated areas over a historical time scale (dating back to the 1930’s),
however is less often captured in rural areas, such as Kaikōura, where the historical record is
much smaller than the nearby city of Christchurch. The use of aerial imagery to determine
shoreline change is a particularly common technique used in sand beach environments where
morphological features such as dune toes can be easily identified and are representative of
changes in the shoreline. MSG beaches are much steeper environments than sand beaches, and
typically do not harbour as easily identifiable features. The steep nature of the beaches also
means that shoreline changes may be large in terms of removing volumes of sediment from the
shoreline, but these changes may not be as obvious in aerial imagery.
The results of the shoreline analysis showed that there was generally a progradational trend
along the coastline between 1999 and 2014, in which the extent of the wet water line and the
vegetation line moved seaward, as seen in Figure 6.4. Profiles were deemed to have undergone
significant change when the measured change between two images was more than the calculated
MOE (Section 4.3.2). When these year to year changes were compared to the calculated margin
of error, 50% of profiles were considered to have changed significantly between 1999 and 2014.
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Figure 6.4, shows that the shoreline retreated between 2014 and 2016 following the earthquake
when it is taken at face value. Between 2014 and 2016, only 2 profiles (KCK1870 and KCK2486)
underwent what would be considered as significant change along the shoreline, of which these
significant changes were transgressive following the earthquake, not the progradation from
instantaneous uplift, expected from literature (Stanley, 1968; Paterson, 2000; Brown, 2017).
Profiles along the Esplanade showed shoreline retreat following the earthquake (Figure 6.4C),
as is the same with profiles KCK2200 (Figure 6.4A), and KCK3800 and KCK3855 (Figure
6.4D). Profiles in South Bay looked to have maintained similar wet water line extents between
2012 and 2016 (Figure 6.4B). All of these profiles, expect for KCK2486 (Figure 6.4B), were
deemed as having undergone change which was not significant as it not exceed its calculated
MOE.
The vegetation line was analysed to see if the movement was relative to the shoreline change, and
could be indicative of progradation or transgression along the coast. There was not a consistent
relationship along the coast between vegetation line change and wet water line change, as
demonstrated in Figure 6.4 where vegetation line change was significant at profile KCK2200 (A),
while the wet water line changes were much smaller. As described in Section 4.3.2, landward of
the vegetation line on a MSG beach contains species that are more representative of a hinterland
zone, rather than a defined beach zone as seen on a sand beach environment. Some profiles also
have heaviliy maintained and developed backshores, where the migration of vegetation would
not be indicative of shoreline development, as it is significantly impacted by humans. For
example, profiles located at the Esplanade 6.4 have heavily maintained backshores where there
are picnic areas and a skate park along the immediate backshore, and therefore there would
be no expected relationship between changes in vegetation line and wet water line due to the
human modification present in the area. This trend dominates the study area, as most profiles
are backed by some form of maintained infrastructure such as roads, parks, and buildings. For
profiles which were not backed by hard structures or had maintained backshores, there was a
general progradational trend from 1999 to 2016.
The results in the aerial imagery shoreline analysis show that vegetation is a feature which could
be used to reflect the correct progradational trend in the coastline south of the Peninsula, how-
ever it can not accurately represent change when it is constricted in its backshore environment
and therefore is not indicative of changes in the active beach. The changes in the vegetation
line also have only represented a trend, and distance in which the shoreline has prograded over
this time could not be accurately determined numerically. The results of the wet water line do
not reflect the changes seen in the beach profile survey data and discussed in previous literature
due to the large MOE involved when taking into account tidal cycles and consideration of wave
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Figure 6.4: Four different areas of shoreline analysis using aerial photography are shown here. (A) KCK2200;
(B) KCK2470 to KCK2550; (C) KCK3712 and KCK3737; and (D) KCK3800 and KCK3855. Each image has 6
lines present, 3 representing the wet water line extent for 1999, 2014 and 2016; and 3 representing the vegetation
line extent for 1999, 2014 and 2016. Basemaps sourced from the LINZ Data Service.
runup. The accuracy of the shoreline analysis technique at these beaches is very low, given that
at most profiles the vegetation line could not be used to represent shoreline change due to the
human modification in the back shore, whilst when the errors in using the wet water line are
accounted for, changes between the chosen imagery were not large enough to exceed the MOE
and be deemed significant. These results have shown that it is difficult to use aerial imagery as
an accurate surveying technique on a MSG beach, not just in a post-earthquake environment,
but in monitoring year to year changes also when there has not been significant changes to the
environment. Even when the area did undergo significant geomorphic changes, aerial imagery
analysis can not be used to accurately depict the changes in the MSG coastal system. This




The analysis of the data produced from three different surveying techniques has detailed the
usefulness of each method in a post-earthquake environment, and furthermore the level of
detail produced from each technique to inform a conceptual response model. A summary table
outlining the benefits and drawbacks of the previously discussed techniques is presented in
Table 6.1. One limitation of using beach profile data is that it is only a small snapshot of a
bigger environment, and lots of interpolation is used between profiles to inform a big picture
of trends and response. While LiDAR and aerial imagery techniques are lower in resolution
and accuracy than beach profile surveying, they provide a larger spatial coverage, and can offer
more detail in a broad brush sense of what changes have occurred in the study area. Multiple
beach profile surveys are required spatially along the coastline, and frequently re-surveyed, to
establish an accurate idea of trends along a coastline. Fortunately, in this study there is an
18 year record of profiles distributed throughout the study area to be able to determine long-
term trends with confidence. In circumstances where there was no long-term historical data,
determining response through beach profile surveying is much more difficult, and will require
strategic planning of where to take profiles, as well as a mixed method approach to confirm
that trends seen in beach profile surveying are occurring on a larger scale.
There are many limitations to using a differental DEM to detect morphological change in a
coastal system, and even more so in a tectonically active environment. The first being that
there is interpolation of data in a DEM on a cell size scale means that often coastal features
smaller than 1 m will not be identifiable in the DEM. In comparison to beach profile surveying,
LiDAR data is lower in resolution on both a spatial, and often also a temporal scale due to
the costs involved in collecting large data sets. The second, and most prominent, is that the
because the coastal system is dynamic and consistently changing, the process of uplift can not
be separated from coastal accretion; nor can subsidence be separated from erosion. Therefore,
the data is not high enough resolution to detect changes that are <1 m horizontally, nor is it
able to determine the main cause of change, as it could with a hard structure, for example,
a building where all of the vertical change could be attributed to tectonics. The differential
DEM is useful for determining broadscale changes, such as areas of uplift and subsidence. It
can help determine if sediment may be being trapped and built up along the coast in relation
to other coastal features, such as small outlying features in the coastal zone, or the build up of
sediment alongshore of a rivermouth.
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Table 6.1: A summary table of the benefits, drawbacks, and accuracy/errors of each method analysed in
Chapter 6.
The topographic profiles extracted from the DEM’s are a useful technique following an earth-
quake to determine volume changes, shoreline changes, and the extent of the uplift. These
profiles should not be compared with the pre-earthquake beach profiles collected using GNSS
survey equipment, as the different methods include different errors and levels of accuracy. This
method can be used post-earthquake as a quick-fix method to quickly determine broad changes,
however the results should be analysed with a level of skepticism, and not used to inform beach
shape change analysis.
Likened to the DEM differential analysis, aerial imagery is useful for seeing significant changes,
however the steep nature of MSG beaches paired with the lack of identifiable features in low
resolution imagery means that the amount of detail to inform small scale morphological change
can not be derived from this technique. The large margins of error and steep slopes mean that
in aerial view, smaller scale changes are difficult to determine. There is currently no commonly
accepted approach to analysing MSG beach change using aerial imagery techniques, and this
reflects the complex MSG environments. Single (1985) traced the line of the storm berm along
the Napier beaches, however aerial imagery in Kaikōura in 1999 was not of a high enough
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resolution to be able to identify this feature consistently along the coastline.
The results of beach profile survey data have shown the expected progradation of shoreline and
volume growth as recorded in literature (Stanley, 1968), though these results were not mirrored
in the aerial imagery analysis. Beach profile surveys could be used to compare with the results
of the aerial imagery shoreline analysis to determine how accurate the analysis could be. A
major issue with using aerial imagery is the tidal range and how this affects the beach. Due to
the steepness of MSG beaches, the tidal range horizontally is significantly less than that on a
flat sand beach. When the tidal range is considered, it can be determined that the images taken
in 1999 and 2014 were taken at similar tide times, given that if the images were taken at low
tide, the shoreline change largely matches shoreline change at low tide seen in the beach profile
surveys, as can be seen in Figure 6.5. When comparing shoreline extents for the 2014–2016
period, it becomes clear that the images taken in 2016 are taken at a different tidal extent as the
images show a transgression between 2014–2016 when there is an expected progradation due
to uplift, and therefore using aerial imagery creates results which may not be truly indicative
of the real trend occurring.
Figure 6.5 is an example of how the time that the tidal cycle to image is collected will affect
the perceived results of the analysis. The figure shows the three beach profile surveys taken
using GNSS survey equipment at similar times to the aerial imagery being captured. The aerial
imagery results showed that KCK2550 prograded from 1999 to 2014 by 14 m, and transgressed
from 2014 to 2016 by 3 m. The change in shoreline was regarded as significant for the period
of 1999–2014, as the change exceeded the 8 m MOE for the profile. The change between 2014
and 2016 was not regarded as significant as retreating 3 m did not exceed the MOE. As seen in
Figure 6.5, the timing of the capture of the aerial imagery in regards to tidal range will change
the narrative as to how beach response is perceived over period of time. If the 1999 and 2014
images are captured at low tide, the foreshores are shown to have changed 14 m on both the
beach profile survey and the aerial imagery. The beach profile data for this profile shows that
at the low tide extent, the beach has prograded 10 m between 2014–2016, whilst the aerial
imagery determined that the wet water line had retreated by 3 m. Figure 6.5 demonstrates
that if the 2016 image is captured when the beach is at high tide, then when compared to the
low tide image captured in 2014, the beach would be seen to be retreating by 3 m, matching
the aerial imagery analysis.
The results produced by using aerial imagery for shoreline analysis produce realistic results
which, when caution is exercised, can be used to determine if there are significant changes
along a shoreline over a large area. Due to the MOE considered in the results, which must be
considered when analysing shoreline change using the wet water line, detailed results could not
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Figure 6.5: Explanatory diagram showing the effect tides have on the interpretation of shoreline analysis using
aerial imagery. This diagram shows the foreshore profile lines of profile KCK2550 for 1999, 2014 and 2017, the
profiles closest to the time of capture of aerial imagery. The shaded blue area represents the tidal range. If the
images in 1999 and 2014 were captured at low tide, the beach profile data shows the same wet water line change
as the aerial imagery results. The 2016 aerial imagery must have been therefore taken at high tide in order for
aerial imagery to have shown a retreat of 3 m. If the 2016 image was taken at low tide, aerial imagery would
have shown progradation of 10 m between 2014 and 2016.
be produced, unless information about the time of capture in relation to the tidal cycle can be
obtained and paired with some form of beach profile survey. This issue rarely effects LiDAR and
beach profile surveying, as long as the high tide does not affect access to a profile. Typically, a
mixed methods approach using both LiDAR and beach profile surveying would generate a high
resolution survey to accurately depict post-earthquake changes, as well as inform a conceptual
response model.
6.4 Conclusions
The results from this chapter have highlighted the uses and limitations for various common
post-earthquake surveying techniques. Beach profile surveying is the most accurate and detailed
technique due to the high accuracy equipment used, and the ability to man the equipment in
the field to determine slope change. Difficulties do arise with this method in a post-earthquake
environment due to the dependence on the geodetic system. Both LiDAR data and aerial
imagery are commonly used techniques to assess large scale changes over a large area, however
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can not be relied on to acquire detailed data to inform beach shape change, and in the instance
of aerial imagery, accurate shoreline analysis. Subsequent chapters will use the GNSS beach
profile surveying data to analyse geomorphological changes in the beach systems and inform the
conceptual response model, while LiDAR data will help complement these results and validate
a broader scale picture of the coastal processes acting along areas of the coast which have not





The following chapter presents results which contribute to achieving Objective 3: To identify
what the short-term responses are in a MSG coastal environment following an earthquake-
induced change in relative sea level.
7.1 Introduction
The instantaneous transformation of the coastline following the 2016 Kaikōura Earthquake
event was well illustrated by the uplift of the rock shore platforms, which distinctly showed
the magnitude of change in the coastal environment. Changes of the unconsolidated coastline
following the earthquake have been left largely undocumented. Previous chapters of this the-
sis have focused on the pre-earthquake environment, including describing the environmental
conditions which influence the morphology of the coastline throughout the study area, as well
as determining the within-type variations of MSG beaches along the Kaikōura coastline. This
chapter will now focus on how the subaerial environment of the MSG beaches responded to
varying degrees of uplift throughout the study area (Figure 7.1), in order to better understand
how a MSG beach responds to an environmental disturbance of such a large magnitude, using
the techniques discussed in Chapter 6. The post-earthquake geomorphic response has been
informed primarily by beach profile surveys and sedimentology data.
The collection of survey data, as explored in previous chapters, is a difficult task due to the
different methods used post-earthquake to collect the data in January 2017 and September
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Figure 7.1: Differential uplift in the study area predominantly caused by the 14th of November 2016 earthquake,
showing that areas closer to the Peninsula uplifted between 0.8-1m, matching the Clark et al. (2017) study,
whereas profiles further away from the Peninsula, both north an south, experienced different degrees of uplift.
Both profile KCK1870 and KCK5025 experienced 0.5-0.6m of uplift, while profile KCK4700 experienced no
change in elevation of control points. Imagery from Google, Digital Globe.
2018. When re-surveying the beach profiles in January 2017, ECan created their own control
framework using preliminary geodetic benchmarks issued within a month of the earthquake, and
recalibrated their results at a later date to fit their control framework with corrected geodetic
mark elevations issued in January 2018. This study collected survey data in September 2018,
when the geodetic system had been corrected in accordance with the January 2018 update.
The beginning of this chapter will investigate the differences between the two collected surveys
and how they may affect the results.
There are various ways to measure the post-earthquake response of the beach using the type
of surveying data collected in this study and presented in this chapter. Previous studies using
similar data have observed changes to volume, shoreline change, and change in berm eleva-
tion (Stanley, 1968; Single, 1985; Brown, 2017). These three parameters have been expressed
throughout literature through the means of quantitative modelling (Single, 1985; Brown, 2017)
or through the means of qualitative descriptions (Stanley, 1968). The parameters discussed in
the subsequent sections were calculated using the methods discussed in Chapter 4, in order to
produce comparable post-earthquake data. Observations are made in relation to the volume,
shoreline change, berm redevelopment, and sedimentology. The results are a combination of
qualitative descriptions and numerical analysis of the relationship between the uplifted 2015
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profile line, the ECan 2017 survey and the 2018 survey conducted in this study.
This chapter will begin with an investigation into the adjustment of the 2017 ECan survey to
match the backshore elevations of the 2018 survey, in order to determine the significance of
adjustment when determining patterns of response between the two surveys. The chapter will
then present the results of the post-earthquake investigation, with particular regard to beach
volume, shoreline change, berm redevelopment and sedimentology. An interpretation of these
results to identify how MSG beaches respond following a large tectonic event, in a broader
regional context will conclude the chapter.
7.2 Investigating differences in post-earthquake
surveying data
The results presented in this chapter use the January 2017 ECan beach profile survey data which
has been re-calibrated to the January 2018 NDM update, and the September 2018 survey data
collected in this study. When these two surveys are overlapped to represent the change over the
22 month period, there is a difference in elevation in the backshore environment of the profile,
with some profiles having a difference of up to 35 cm. This difference was explored to determine
the potential causes of this difference, and the impact it could have on the interpretation of the
results.
The ECan 2017 data set was manually adjusted to best of fit the backshore environment to the
September 2018 survey, as can be seen in Figure 7.2 where the backshore of the 2017 profile
(2017 ‘raw’) is manually uplifted (2017 ‘adjusted’) to visually match the backshore of the 2018
(2018 ‘raw’). A difference between the two survey data sets was expected due to the human error
involved in collecting the data and the complications which come with collecting this survey
data before the geodectic system is adjusted to account for deformation from the earthquake
event. The differences between both of the datasets may be a result of (1) continued uplift
from aftershocks between 2017 and 2018; (2) different post-earthquake surveying approaches, as
ECan made their own control framework in 2017 when the benchmarks were not re-established,
while the 2018 survey was taken almost 2 years after the event and could use the updated
geodetic marks; (3) continuous adjustment in the NDM, in which different benchmarks are
adjusted differently with new patches; or (4) human modification of the backshore environment.
As discussed in Chapter 4, pre-earthquake beach profile surveys were annually conducted be-
tween 1997 and 2015. These surveys were collected using GNSS surveying equipment, and were
relative to LINZ benchmarks distributed along the coastline in the study area. The earthquake
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Figure 7.2: Manual adjustment in Microsoft Excel to match the ‘raw’ 2017 survey to the backshore of the
2018 survey taken in this study. This figure shows how the uplifting of the backshore can affect perceived trends
between 2017-2018 on the beach profile. Where the dotted red (raw 2017) and the solid red (adjusted 2017)
appear on the same side of the black solid line (2018), there was no change in trend from year to year between
the two surveys when the 2017 survey is manually adjusted. The lower foreshore shows a change in trend where
the raw data shows a stable trend from 2017-2018 where both profiles stay the same, whereas the adjusted 2017
profile shows erosion in this area from 2017 to 2018.
in 2016 warped the stretch of coastline, and changed the position of the benchmarks previously
used to conduct the beach profile surveys. The warping changed the position and elevation of
the benchmarks to different extents along the coastline (Figure 7.1). When ECan conducted
their post-earthquake survey in January 2017, they re-established a control framework using
preliminary benchmark elevations and position which were issued immediately after the earth-
quake, and created a pseudo-corrected sea level relative plane. The preliminary benchmarks
issued after the earthquake have since been corrected in the NDM in January 2018 and De-
cember 2018, meaning that the control framework created by ECan needed to be recalibrated
in order to be correctly aligned with the reissued benchmark positions. ECan used a series of
benchmarks across the Kaikōura area to created the control framework, however these bench-
marks were different to the ones used to conduct the September 2018 survey in this study. The
ECan data was recallibrated to match the January 2018 issued benchmark positions, and the
September 2018 survey was conducted using these benchmark positions also. Further develop-
ment of the NDM resulted in the reissuing of these benchmark coordinates in December 2018
which showed that some benchmarks moved more than others when compared to the January
2018 positions. The changes across the benchmarks seen in the December 2018 update could
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explain the difference in the backshore environment elevations. The December 2018 update of
benchmark positions and elevations used to create the control framework by ECan in 2017 may
be (1) different between the benchmarks used, and therefore recallibration is not the simple
task of elevating the whole plane by the changes in elevation between January 2018 and De-
cember 2018 benchmark positions; and (2) different to the changes in the benchmarks used to
collect the September 2018 survey, and therefore could explain the differences in the backshore
environment elevations. Due to the time restrictions of this project, the recallibration of the
ECan data to the December 2018 update could not be undertaken to test this theory, and
therefore the September 2018 survey was not recallibrated either in order for the two surveys
to still be comparable.
The difference between the datasets may be attributable to the aftershocks following the 2016
earthquake, as can be seen in Figure 7.3, where aftershocks with epicentres in the study area
are shown in periods of six months following the earthquake. In the six months following the
earthquake, 1453 aftershocks had epicentres in the study area. The amount of aftershocks
in this area decreased in the subsequent analysed six month periods following the earthquake.
From May 2017 to November 2017 there were 167 aftershocks; from November 2017 to May 2018
there were 107 aftershocks; and from May 2018 to Novermber 2018 there were 79 aftershocks
with epicentres in the study area (GeoNet, 2018). Figure 7.3 shows that there is a decline in
aftershocks with time following the earthquake, where over 50% occurred within the first three
months after the earthquake. In the 20 month period between the two beach profile surveys
used in this study, there was over 3000 aftershocks attributed to the original rupture, however
only one of these was >5 Mw. Between 10–20 of these aftershocks were between Mw 4 and 5,
and the rest were below a Mw 4. Of the 620 aftershocks which occurred between the January
2017 and September 2018 and were centred directly within the study area, only one was a Mw
5.1, and only four were Mw 4–5. Although there was a significant number of aftershocks in
the period between the January 2017 and September 2018 surveys, there were few which were
capable of causing a 35 cm uplift. Figure 7.3 shows that in the wider region the amount of
aftershocks > 3 Mw was 261 between the January 2017 survey and the September 2018 survey,
and there was a significant decrease within the study area of aftershocks of this magnitude also.
Majority of the earthquake activity which could cause this change occurred before the January
2017 survey was taken, rather than in the time period between the two discussed surveys. While
the large frequency of small magnitude aftershocks, as well as the smaller frequency of larger
aftershocks could cumulative cause the elevation differences between the two surveys, it is more
likely that the difference is due to either (1) the error discussed in the previous section due to
the differences in survey techniques and updates to the NDM; or (2) a result of reconfiguration

























































































































































































































































































































































































































































































































































































































































The main issue which would arise if the difference between the dataset is infact an ‘error’,
meaning that the difference in dataset elevations was not a result of recovery works in the
backshore or aftershocks, is that it may alter how the beach is perceived to be responding after
the earthquake. As can be seen in the example shown in Figure 7.2, the adjustment of the
2017 survey to match the 2018 survey can change some of the trends occurring between the two
surveys. For example, the 2017 ‘raw’ data may allude to the beach having a stable trend from
2017 to 2018, however if the ‘error’ is removed and the backshore elevations are matched, it
might show the 2017-2018 relationship to be erosional, as seen in the lower foreshore in Figure
7.2.
In order to see if this would be an issue when developing a conceptual model for coastal
response, the data was manually adjusted in Microsoft Excel, so that all 2017 and 2018 surveys
had matching backshore elevations, with the assumption that no further uplift happened from
January 2017 to September 2018 from subsequent aftershocks. As seen in Table 7.1, there is
variation in the amount of vertical adjustment needed for each profile, ranging from –0.1 to
+ 0.35. When the new volumes and 1 m contours are calculated using the adjusted profiles,
Table 7.1 shows there is a variability in the amount of change, though for most profiles, volumes
changed by 10–15 m3, and 1 m contour changed less than 5 m.
Two profiles (KCK2470 and KCK3659) in Table 7.1 are shaded light grey, indicating that when
their relationship between 2017 and 2018 surveys was analysed using the adjusted 2017 data,
there was a change in trend. All other profiles continued to show the same 2017–2018 trend in
volume and 1 m contour response when the data was adjusted. It was therefore deemed that
although it is unknown whether the differences in elevation is real, a result of human error,
or could be explained by the recent NDM update, when the data is adjusted to account for
an elimination of an ‘error’, the overall trend of the geomorphic response at a profile is not
affected. The two profiles which were affected by an adjustment will be cautiously analysed,
with the knowledge that adjusting the data will affect the perception of how the beach profile
is responding.
7.3 Geomorphological response
The following section will detail the geomorphological response of the subaerial MSG coastal
environment, determined from GNSS beach profile surveying methods, as well as sedimentol-
ogy data collected using DGS analysis techniques described in Chapter 4. The beach profile
morphology results are determined using the September 2018 survey collected in this study,
and the ‘raw’ January 2017 survey collected by ECan.
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Table 7.1: Adjustment of the ECan January 2017 survey to match the backshore elevations of the 2018
survey taken in this study to minimise the unexplained differential ‘error’. Calculations of volume and 1 m
horizontal contour were recalculated for the adjusted surveys and are shown here compared as ‘raw’ (ECan
survey) and ‘adjusted’ (ECan survey backshore adjusted to September 2018 survey backshore) to identify
significant differences which would affect the perception of the results. Shaded numbers are the figures which
their adjusted value did not have the same relationship (Progradation or Transgression) with the 2018 survey
as the raw 2017 survey.
7.3.1 Differential coastal uplift
The entirety of the study area was located within one region of the fault, meaning that no
profiles cross the fault boundary, as was seen in Single (1985). Due to the study area being
located on one side of the fault, similar degrees of uplift would be expected. As can be seen
in Figure 7.1, there is some variability in the amount of uplift throughout the study area,
and in particular, profiles located further away from the Peninsula. South of the Peninsula,
profile KCK1870 experienced 0.6 m of uplift. North of the Peninsula, profile KCK4700, located
just south of the Hāpuku River did not experience any uplift. Profile KCK5025, north of the
Hāpuku River, experienced 0.5 m of uplift. Profiles close to the Peninsula, including South Bay
and the township experienced uplift of approximately 1 m.
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The amount of uplift at a profile, in conjunction with beach slope, can pre-determine the extent
of initial shoreline progradation. Group 2 beaches, which are classed as wide and flat (Figure
5.2), only need a small amount of uplift to induce a large amount of shoreline progradation.
Group 3 beaches which are narrow and steep (Figure 5.2) would require significantly more uplift
to achieve a similar amount of instantaneous progradation.
7.3.2 Volume change
Beach profile surveying allowed for the calculation of volume change from year to year. The data
acquired only allowed for calculation of subaerial volume change, so therefore interpretations
must accept that loss of subaerial volume can be indicative of the erosion of sediment from
the system into the offshore environment, or a result of redistribution of sediment into the
nearshore. As shown in Figure 7.4, all profiles surveyed in 2017 were shown to have increased
in subaerial volume post-earthquake. Between the 2017 and 2018, some profiles began to show
a loss of subaerial volume, however despite this, still maintained a net gain in volume change
since the earthquake.
The sediment volume in the active beach environment increased following the earthquake for
all five profiles in Group 1. All profiles have maintained a net overall gain of volume since the
2015 pre-earthquake profile, however profile KCK2510 is the only profile demonstrates signs of
retreating back to its pre-earthquake volume, of which it gained 54 m3 between 2015–2017, then
lost 17 m3 between 2017–2018. The other four profiles appeared to undergo a rapid increase
in volume between 2015–2017, but since the 2017 survey their rate of subaerial accretion has
decreased. There is still a net continuation of their pre-earthquake accretionary trends. As
shown in Table 7.2, post-earthquake volume change rates are still signifcantly larger over the
observed post-earthquake period than pre-earthquake. The high rate of positive change seen
in the 2017–2018 survey shows that the volume increase is more than just the volume acquired
from the uplift of the profile into the subaerial zone, and that there is an additional source of
sediment driving continuous accretion at these profiles.
The only profile which has shown an overall net loss since the earthquake is profile KCK4700,
which has lost 212 m3 since the 2015 survey. This profile was not surveyed in 2017, and therefore
it is hard to determine if there has been constant erosion since the earthquake, or this is just
a snapshot of dynamic nature of the profile, as the extent of the erosion is not outside of the
envelope of change for this profile. This profile was not uplifted in the earthquake, and therefore
did not experience the instantaneous volume gain that other profiles did. The results here show
that an expected increase in sediment budget coming from the Hāpuku River has not had an
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Figure 7.4: Summary of post-earthquake volume changes between each survey following the earthquake. All
profiles surveyed in 2017 experienced an increase in subaerial volume. The 2018 survey showed some profiles
had begun to erode, but profiles still maintained an overall net gain of subaerial sediment volume. Profile
KCK4700 was not surveyed in 2017, however the overall volume change from 2015-2018 shows a significant loss
of subaerial volume. This profile also experienced no uplift. No profiles showed volume loss between 2015–2017.
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Table 7.2: Rates of volume change per year, from 1997–2015 (Pre-Earthquake), compared with 2015–2018
(Post-Earthquake), demonstrating the changes in volume at most profiles being excessively more over the 3
year period since the 2015 survey. The rate of change at most profiles was more extreme during the 2015–2017
stage, however most profiles demonstrated continued growth at a rate higher than pre-earthquake during the
2017–2018 period. It is important to note that the pre-earthquake columns is averaged over a 17 year period,
whilst the post-earthquake columns is only representative of a 2 year period.
Figure 7.5: Two graphs showing the rate of volume change following the earthquake (red) in relation to its pre-
earthquake trend. Profile KCK2200 (left) showed a strong accretionary trend following the earthquake, as the
volume of sediment at the profile has far exceeded any volume previously seen at the profile. Profile KCK3737
(right) shows that initially the volume increased beyond any volume seen at the profile pre-earthquake, however
from January 2017 to September 2018 volume has begun to decline back to pre-earthquake figures.
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overriding positive impact at this profile, however there is also no geomorphic barrier to trap
sediment at this profile, and therefore sediment may have been reworked through the system,
southward down the coast. A human influence which may be hindering growth at this profile
may be the mining of alluvial gravels taking place in the Hāpuku River, which will be discussed
further in Chapter 8. The dynamic nature of this profile and limited monitoring, means there
is no evidence to suggest there were not other large fluctuations of accretion or erosion between
2015 and 2018.
All Group 2 profiles which experienced uplift have increased in volume since the earthquake
as shown in Figure 7.4. Profiles KCK1870 and KCK4220 have increased in volume since the
earthquake, though the 2018 survey showed that the amount of volume increase did not extend
beyond the envelope of change at these profiles. Profiles KCK3950 and KCK2200 (Figure 7.5)
have seen continuous volume increase since the earthquake, showing growth beyond any volume
previously measured at these profiles. These two profiles are the most uplifted profiles out of
the five discussed Group 2 profiles (uplifted 1 m). Profile KCK2200, located at the mouth of
the Kowhai River, has significantly increased in volume since it has been uplifted, gaining over
200 m3 in volume since the 2015 survey, as seen in Figure 7.5. Most of this volume increase has
occurred between the 2017-2018 surveys, following the trends of profiles further north in South
Bay, where there is a nearby sediment source promoting further subaerial increase beyond what
has been uplifted.
All Group 3 profiles which were resurveyed in 2017 showed a volume increase which exceeds
any previous maximum volume found at the profile. Sub-groups (Table 5.2) 3A and 3B both
experienced a significant amount of volume increase relative to their pre-earthquake profile,
increasing 22-48 m3 in volume between its 2015 and 2017 surveys. This is shown in Figure 7.5
where profile KCK3737 is shown as having a volume increase from 2015–2017, then decrease
from 2017–2018. Between 2017-2018, all profiles in sub-group 3A and 3B (Table 5.2) lost
subaerial volume, expect for KCK3684, however all profiles still maintained an overall net gain.
The loss of subaerial volume here is indicative that there is no nearby sediment source to
maintain the volume gained through uplift. Sub-group 3C (Table 5.2) increased significantly
in volume between 2015 and 2017, and continued to increase in subaerial volume between 2017
and 2018 surveys at a slower rate. Sub-group 3D (Table 5.2) was only resurveyed in 2018, and
showed it had increased 20 m3 between 2015 and 2018, though had not exceeded its maximum
volume extent as seen at other profiles within Group 3. The results from the volume analysis of
Group 3 show that profiles with a pre-earthquake erosional trend are struggling to maintain the
volume increase from the uplift, and seen in Figure 7.5, while profiles which had an accretionary
trend pre-earthquake have been able to maintain the volume increase from the uplift.
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7.3.3 Progradation and transgression
Progradation and transgression have been measured through the movement of the 1 m hori-
zontal contour in the post-earthquake surveys, which is approximately at the MSL contour (1.2
m). As seen in Figure 7.6, similar to volume, all profiles which experienced progradation as a
result of uplift, and have maintained a net seaward movement of the shoreline. The only profile
which has experienced significant transgression since 2015 is profile KCK4700 (46 m), which as
described in Section 7.3.2, also has experienced significant volume loss.
Since the 2017 survey, all Group 1 profiles, except for profile KCK2496, have transgressed at
their 1 m contour. KCK2510 has undergone shoreline transgression since the 2017 survey back
to its pre-earthquake shoreline extent, in which as of the 2018 survey, the profile only had a net
shoreline gain of 1.4 m. Other Group 1 profiles which have undergone transgression have still
been able to maintain a positive net gain of shoreline progradation since the uplift. Profiles in
this group have shown that they can undergo shoreline transgression but still be increasing in
volume. This may be indicative of berm reformation at elevations above the 1 m contour.
Similar to the trends shown in Section 7.3.2, Group 2 profiles have undergone the greatest mag-
nitude of shoreline changes. As described above, KCK4700 underwent severe shoreline retreat,
whilst other profiles have experienced progradation from 2015 through to 2018. KCK2200 has
prograded 31.5 m at its 1 m horizontal contour from 2015–2018. Other Group 2 profiles have
experienced a net overall change between 13.5–21.2 m. Rates of progradation at these profiles
slowed between the 2017–2018, however at KCK2200 the rate of progradation significantly in-
creased between 2017–2018. This may be a result of its close proximity to its sediment source.
It should be recalled that this profile is also extremely dynamic, and although its shoreline ex-
tent and volume growth is now outside of the envelope of change, large fluctuations in shoreline
position are not uncommon at this profile.
Group 3 profiles which were surveyed in both 2017 and 2018 have shown that their 1 m contour
is beginning to retreat back to the pre-earthquake extents, or progradation rates have slowed
down significantly (KCK3684 and KCK3712), as seen in Figure 7.6. Profiles KCK3800 and
KCK3855 continue to prograde between 2017–2018, suggesting that there is a sediment supply
reaching these two profiles. All profiles in this group have managed to maintain a net gain
of seaward horizontal movement since the earthquake, however the more or less stable trends
of these profiles and the survey data presented suggests that shoreline retreat is occurring at
most of these profiles (KCK2575–KCK3737) two years on from the earthquake event, and the
positive impact of coastal uplift is not being retained in these areas.
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Figure 7.6: A summary of horizontal 1 m contour changes following the earthquake. The 2017 survey showed
progradation at all profiles following the earthquake. 50% of profiles surveyed in both 2017 and 2018 showed
shoreline transgression from 2017 to 2018. Profile KCK2200 showed continued progradation at a high rate in
2018, while profile KCK4700 has undergone a substantial amount of shoreline transgression. No profiles that
were surveyed in 2017 showed transgression between 2015–2017.
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7.3.4 Berm redevelopment
Berms are formed at the swash runup limit, and storm berms are formed at the top of the storm
runup limit. It was expected that berm redevelopment would occur relative to the new sea level
and wave runup elevations. The results show that this is a trend which has occurred at different
rates throughout the study area, with most berm redeveopment occurring in similar patterns
for each within-type variation group. The 2017 survey showed that at most profiles there was
more berm development at elevations lower than where pre-earthquake berms were formed
relative to sea level. By the 2018 survey, the sediment had been reworked into the system and
the berms had eroded, and the beaches are starting to reform berms at heights relative to sea
level, in line with the elevations pre-earthquake berms, but now at a more seaward extent due
to the instant progradation discussed in Section 7.3.3.
As seen in Figure 7.7, Group 1 profile KCK2550 exhibits this trend. Sediment from the uplifted
2015 profile looks to redistribute into the lower foreshore between 2015–2017, then the 2017–
2018 illustrates that movement of that sediment back up the profile to reform a berm at the
same elevation as pre-earthquake, but at a more seaward extent. Some of the other Group 1
profiles have not yet redeveloped their berm, and their foreshores have flattened between the
2017–2018 surveys after a short stint of minor berm development at a lower elevation. While
these profiles have not yet redeveloped their berms, they have begun to develop storm berms
at elevations similar to their pre-earthquake elevations (between 5–6 m). Areas landward of
the pre-earthquake storm berm position have been uplifted and remain largely unchanged, and
are now considered to be out of the active beach face system.
Group 2 profiles have shown similar results to Group 1 profiles, with the re-establishment of
pre-earthquake storm berm elevations. These profiles showed no real development of a berm
at a low elevation, however most of these profiles did not exhibit this feature pre-earthquake,
likely due to the smaller grain size and the low slope not allowing for a build up of swash zone
sediment. Figure 7.7 shows KCK2200 having redeveloped its pre-earthquake storm berm at
the same elevation, with its uplifted active beach landward of this having undergone minimal
changes since the earthquake. The lower foreshore shows no development of a berm, despite
it having a developed berm in its 2015 survey. Profiles in this group are largely dominated
by continuous growth of the foreshore, and therefore is not developing berms as it undergoes
continuous growth and change adjusting to the post-earthquake environment.
Group 3 profiles appear to be the group which has undergone the most stable berm redevel-
opment, with profiles initially re-establishing the berm and storm berm by the 2017 survey,
then undergoing narrowing and steepening of these features between the 2017–2018 surveys.
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Figure 7.7: Berm morphology changes seen in post-earthquake surveys, representative of the three different
geomorphic groups. Group 1 and 3 show the berms redevelopment at pre-earthquake elevations, while Group 2
profiles have redeveloped the storm berm but the lower foreshore continues to grow and flatten out.
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Profiles KCK3659 through to KCK3737 all exhibit this trend strongly, paired with the data
presented in Sections 7.3.2 and 7.3.3 that most of these profiles had begun to transgress and
lose volume. As seen in Figure 7.7, KCK3737 appears to be eroding throughout the whole
profile, and is eroding into the uplifted backshore, where in other groups, this area remained
untouched landward of the storm berm following the uplift. Profile KCK3737 appears to have
redeveloped its berm quickly however the erosive nature of the beach has eaten into the back-
shore, not allowing for a redevelopment of the storm berm at the same elevation as prior to
the earthquake. Other profiles located along the Esplande appear to follow this trend, or have
developed very small storm berms. Profiles KCK3800 and KCK3855 have redeveloped storm
berms at the same pre-earthquake elevations, however these beaches continue to grow, and
the berms are therefore developing at a more seaward position. The contrast between these
two sub-groups being that Esplanade profiles redevelop berms while the beach retreats back to
pre-earthquake states, whereas the township profiles (KCK3800 and KCK3855) redevelop their
berms as the continue to grow, much like Group 1 profiles.
7.3.5 Sedimentology
The difficulty of analysing MSG beach sedimentology data largely stems from the very diverse
and varied sediment patterns that occur across a MSG beach profile. This results in difficulties
in sediment sampling in a MSG environment where the across shore sediment patterns are
extremely variable, and therefore it is impossible to get a sample representative of the entirety
of the profile, especially with consideration of the vertical mixing of the sediment within the
profile. The absence of a long-term data set for the Kaikōura MSG these beaches means that
it is difficult to attribute changes in sedimentology between profiles directly to the earthquake
event. The following will present the sedimentology results with these limitations in mind, and
will be discussed further in Section 7.4.
As shown in Table 7.3 and Figure 7.8, graphic mean size and composition percentages are two
of the parameters analysed in the 2018 results to compare to the 1997 sedimentology results.
The table shows that most profiles throughout the study area have experienced some degree of
change in sedimentology since 1997.
Group 1 profiles continued to have very similar mean grain sizes, in which the changes of
grain sizes were no more than one class size (eg. small pebble to very small pebble) as seen in
Figure 7.8. The sand/gravel compositions of these profiles however were noted as having largely
changed, due to their 1997 results measuring 100% gravel in both the MT and UF zones. The
results showed that there was over a 20% textural change in both the UF and MT zones at all
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Table 7.3: Comparison of sand/gravel composition percentages between 1997 and 2018 for both the upper
foreshore (UF) and the mid tide zone (MT).
profiles in this group, where profiles had an increase in sand composition since 1997.
Group 2 profiles have undergone some amount of composition change at each profile, with most
profiles changing textural composition of more than 25% (Table 7.3), and have undergone an
increase in gravel composition from their 1997 readings. Changes in mean grain size of more
than 2 class were common in Group 2 profiles, where most profiles increased in mean grain size,
as seen in Figure 7.8. The changes found across all profiles of increase/decrease in grainsize did
not follow a clear trend.
Group 3 profiles appear to have undergone the smallest degree of changes relative to other
groups, with the majority of mean grain sizes and compositions revealing similar textures. As
seen in Figure 7.8, profiles KCK3800 and KCK5025 have undergone the most change out of all
profiles in their UF zone. KCK3800 has changed from having a mean grain size of 45.7 mm to
4.05 mm, and KCK5025 having changed from 36 mm to 3.92 mm. Most of the Group 3 profiles
were measured as having no sand in 1997 (KCK3684 to KCK3800), whereas measurements from
this study show that sand now makes up a small portion of the beach composition (11–26%).
The 1997 sedimentology data showed that primarily open coast profiles were the only profiles
which contained surface sand in both their MT and UF zones (over 50% of profiles), however
DGS analysis has shown that all of the profiles now have sand present on the beach surface
in these zones. The most pronounced changes in sand/ gravel composition were in open coast
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Figure 7.8: Differences in 1997 and 2018 graphic mean beach sediment sizes (mm), shown from south to
north along the horizontal axis. A negative value implies that the mean grain size has decreased since 1997,
and a positive grain size change implies that the mean grain size has increased since 1997. Most profiles have
undergone change to some degree. The raw graphic mean results are found in Appendix D.
profiles, however there was no trend in whether the textural change was an increase in sand
or gravel at the profile. There was no significant overall trend (increase or decrease) of mean
grain size across all profiles. All profiles measured experienced some degree of change, which
was expected due to the large time period between sampling (21 years). Large changes across
all profiles could indicate that there was an impact from the earthquake itself. The small
fluctuations found at most profiles here can likely be attributed to the evolution of the profile
itself over the long period, and the change in local environmental conditions influencing profile.
For example, changing conditions which could attribute to the sedimentology changes could
include dredging of South Bay Harbour, renourishment of the Esplanade, or mining of gravel
from the Hāpuku River.
Conclusively, the data confirms that there is no significant trend occurring indicating that the
earthquake has altered sedimentology significantly, or that the earthquake has thus far had
lasting effect on the mean grain size and texture of the coastline. Previous studies have shown
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that sedimentology following an earthquake can be altered but recover quickly in a coastal
environment (Hart et al., 2015). Gravel sediment is larger and heavier, and therefore may take
decades to work its way down a catchment. Sand is much finer and lighter and will therefore
make its way down a catchment much quicker, and therefore increase is sand and fines at profiles
may be a result of this. The occurrence of sand at all profiles now may be indicative of a higher
amount of fine sediment in the budget coming down from rivers following the earthquake, or
likely it may be from a development of the profile over the 21 year period. There may have been
a drastic change following the earthquake, where the relative MT and UF zones have shifted
and new ones are being developed, but these zones have been re-established as a result of the




The results presented in this chapter found very similar results as the few other studies which
have investigated the changes in MSG beaches following an earthquake event. The results found
in this study largely support the findings of Stanley (1968) in terms of initial progradation of
shorelines, as well as weak berm development in the initial year following the earthquake.
Stanley (1968) believed berms would take more than two years to stabilise because of the fine
sediment moving through the system, and the lag of gravel coming from the catchments to build
up stable berms in the MSG environment. Single (1985) proposed that long-term response
of an uplifted beach involved erosion of the nearshore profile until wave energy returned to
its pre-earthquake position of maximum wave effect, which was then followed by erosion in
the subaerial environment. Some results found in this study, such as Group 3 beaches which
suffered subaerial volume loss between 2017-2018 surveys, have indicated trends similar to those
discussed in the Single (1985) model, where profiles have initially gained volume immediately
after the earthquake, then began to erode the subaerial environment as the beach responds.
The short term erosive response at these sites however may be more indicative of poor sediment
supply to the profiles, as opposed to the quick erosion of the nearshore environment.
Paterson (2000) believed that the uplift of the beach profile would promote initial progradation
and accretion due to the dissipation of wave energy further out from the beach, and reduce
erosional wave energy acting onshore and removing sediment. All sites in the study that were
uplifted underwent initial progradation and volume gain, and some continued to do so between
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the 2017-2018 surveys. Group 1 profiles had varying response where some continued to accrete
between the 2017-2018 survey, while others stabilised or began to erode. The rate at which the
Kaikōura beaches fully recover from the earthquake may be dependent on a number of variables
that were not fully understood in Single’s (1985) and Paterson’s (2000) studies, such as the
pre-earthquake state of the beaches, and an understanding of the environmental conditions
acting on the beaches immediately prior to and following the earthquake.
There are several possible environmental conditions which may influence the rate at which
the beach profiles respond to the earthquake event. The first main influence to consider is
the sediment supply to a profile, as identified in Chapter 5. Following an earthquake, there
will be pulses of fine sediment down a catchment, followed by some delayed pulses of courser
sand and gravel, as the heavier gravel material will take longer to move down a catchment
to the beach system (Stanley, 1968). An additional source of sediment to the profiles is the
fine sediment being eroded from the nearshore as the post-earthquake position of maximum
wave effort reworks the nearshore environment in order for it to return to its pre-earthquake
position. These additional sources of sediment to the system create the assumption that along
with the additional sediment from uplift, an accretional trend would occur across all profiles
due to more sediment being reworked into the system. At some profiles in this study, when the
uplifted 2015 profile is used to simulate the immediate uplift following the earthquake, profiles
are seen to have gained additional sediment beyond the initial uplift between 2015 and 2017.
These initial additional volume gains could be a temporary change as the beaches adjust to
the change in sediment budget with increased fines following the earthquake. This initial gain
then loss of sediment is recorded at several Group 3 sites located along the Esplanade, while
Group 1 and 2 profiles were more inclined to redistribute sediment relative to berm forming,
whilst also continuing to gain in sediment volume from 2017–2018.
MSG beaches have high energy wave climates, and therefore while fine pulses of sediment may
be added to the system by eroding nearshore beds or from pulses down the catchment, they may
not last in the beach profile long, as fine sediment that is not reworked into the beach profile
will likely move offshore. The addition of sediment to the system will only result in accretion
at a profile if it is the right material. The addition of material to profiles beyond what was
uplifted suggests that there is some addition of sediment of the right texture in the nearby area
which causes some short term accretion. There is an initial spike in volume gain following the
uplift which could be a result of the additional fine sediment which quickly moved down the
catchment working its way through the beach system, following this the rate of accretion at
a profile slows as the pulses of sediment reduce in frequency and size as time passes following
the earthquake, and the sediment source returns to producing pre-earthquake volumes down
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the catchment. In the initial years following the earthquake, trends will be altered due to these
changes to the sediment budget, but eventually the environmental conditions will return to
pre-earthquake conditions and the long-term response of the MSG beach will begin.
Sediment supply was determined to be an important factor which influenced the classification
of MSG within-type variations, where Group 1 profiles were sediment traps which had a clear
path alongshore from a sediment source to where sediment could accumulate. Group 2 profiles
had good sediment supplies due to close proximities to sediment sources but would fluctuate
due to their exposure on the open coast, and sediment coming down from the catchment moving
through the profiles. Group 3 profiles were typically sediment deprived due to barriers blocking
sediment from moving alongshore in the swash zone, or due to distance from a sediment supply
meaning that sediment would not be transported that far along the coastline. There is a
clear underlying theme in the geomorphological beach response: beaches which had accretional
and dynamic trends pre-earthquake will resume accretional trends post-earthquake due to the
continuation of environmental conditions in a post-earthquake environment, as well as the
changes such as nearshore wave dissipation and increase in sediment supply. These profiles will
likely take longer to return to their pre-earthquake profile as they continue to grow in the initial
years following the earthquake. Beaches with erosional trends pre-earthquake were eroding
because of the sediment deprivation at the profile. These trends continue at the profiles post-
earthquake, where even if there is an increase in sediment budget to the whole coastline, these
sites are not likely to receive any of it. These beaches will retreat to their pre-earthquake profile
extents significantly faster than profiles which exhibited pre-earthquake accretional trends.
A Kaikōura-specific environmental condition which could change the rate of response for MSG
beaches is the fact that many profiles are located with rock shore platforms in the nearshore
environment, especially profiles located on the eastern edges of the Kaikōura Peninsula. In
Single (1985) model, the position of maximum wave effect steps out seaward as the profile is
uplifted, and the response of the beach is dependent on the erosion of the uplifted nearshore
until the position of maximum wave effect transgresses and begins to act on the subaerial
environment as it did pre-earthquake. The rate at which the nearshore will erode is indicative
of how long it will take until the subaerial beach will respond. This could be influenced in
Kaikōura if the position of maximum wave effect steps off the rock shore platform, or if the
nearshore environment is composed of consolidated limestone. The response rate when eroding
the nearshore bed of fines is relatively slow and on a decadal scale in accordance with Singles
(1985) model; however this could be slowed even further if the position of maximum wave effect
needs to erode through consolidated limestone rock. Studies on the rates of limestone inter-tidal
platforms erosion show that the rate at which these platforms erode is very slow (1.48 mma−1
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(Stephenson and Kirk, 1996) to 1.53 mma−1 (Kirk, 1977)) and the erosional process is largely
driven by the wetting and drying processes in the inter-tidal zone (Stephenson and Kirk, 1998).
The rate of response, therefore, would be slowed significantly by this process. This process
does not appear to affect the beach profiles used in this study, but it may have a pronounced
effect on beaches near the more eastern edges of the Kaikōura Peninsula. Pieces of rock shore
platforms were uplifted out of the water and above the inter-tidal zone after the earthquake,
especially in the South Bay and Esplanade areas, and these may also be having an impact on
wave dissipation and longshore sediment transport. This concept will be discussed further in
the subsequent chapter.
7.4.2 Sedimentological response
The sedimentology results presented in this chapter are the first sedimentology results produced
since Dawe (1997) in the study area, despite numerous consents being granted for renourishment
of the Esplanade. The DGS technique used is designed to create grain size distributions on
many different surface types, including MSG beaches (Buscombe, 2013). The field notes and
images taken at the profile along with the images collected for the analysis in the DGS software
all produced similar results, and therefore the results produced were not largely different to
what was predicted with the human eye.
The difficulties analysing the results of the MSG sedimentology data largely lies with the across-
shore and vertical mixing of sediment, meaning that a small sample is not a fair representation
of what is occurring in the system. There are significantly varied sediment patterns across-
shore and alongshore on MSG beaches which are not fully understood. McLean (1970) and
Dawe (1997) have conducted research to investigate the sediment patterns along the Kaikōura
coastline, however these two studies were 27 years apart, similar to the 21 year period between
this study and Dawe (1997) data set. The lack of long-term data means that unless there is a
large and uniform identifiable change in the sedimentology across a larger area, it is difficult to
determine what changes are a direct result of the earthquake, and what changes are just due
to the natural evolution of the beach itself over the 21 year period. An increase in fine grained
sediment would be expected in the beaches in the months following the earthquake, as lighter
sediment would move down the catchment quickly, whilst gravel may take up to decades to
move down the catchment.
Following the September 4th 2010 earthquake in Christchurch, there was an increase of fine
sediment in the beaches from 3% to 40% only 4 months after the earthquake (Taylor, 2013;
Hart et al., 2015). The increase in fines contributed to beach erosion and scarping along the
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beach. In the subsequent 3 years after the earthquake, the fines winnowed out of the system.
If there was an increase in fine sediment along the Kaikōura coast following the earthquake,
the high energy environment along the coastline would likely winnow out the fine sediments
from the beach profiles quickly, and therefore it is difficult to attribute the increase of sand at
a profile directly to the earthquake. The coastline is situated close to the Kaikōura ranges, and
is well connected, and therefore the fine sediment would likely make its way to the coastline
within weeks to months following the earthquake, then winnow out quickly as the sediment is
reworked in the high energy environment. Therefore, the changes to sedimentlogy caused by the
earthquake are likely to be reworked by the high energy environment, and are more indicative
of longer term changes in the environmental conditions acting on the profile, especially wave
climate and sediment supply, rather than a direct result of the earthquake.
The lack of data collected over this region to track sedimentology changes is the biggest barrier
to interpreting these results correctly. As stated above, the poor representation of one sample
at a site is off putting for many people conducting research on MSG beaches, as well as the
time consuming and laborious techniques involved in seiving and sorting the sediment. The
DGS analysis method is a quick technique to collect and process sedimentlogy, and what may
be sacrificed in small detail, is made up for with the seamless nature of the technique. While
little is known about the sedimentology patterns in MSG beaches, a larger, annual data set
would be a first step in addressing this issue. DGS analysis is an attractive option for future
collection of sedimentology data.
7.5 Conclusions
The beach profiles analysed in this study have undergone significant changes following the 2016
earthquake, and the morphology of the beach continues to change in response to the tectonic
disturbance. The beach profiles responded relatively similarly within their within-type groups.
The main trends were discovered in volume change, in which all groups gained volume as a
result of the uplift of sediment into the subaerial zone of the profile, however the rate of which
these profiles continued to accrete or erode between the 2017–2018 profiles differed depending on
their geomorphic groups. Shoreline progradation and transgression followed very similar trends
shown through volume change analysis. Berm redevelopment was occurring relative to the
new sea level at most profiles, however the rate at which these berms redeveloped differed also
between geomorphic groups, with Group 3 profiles having redeveloped the most stable berms
post-earthquake, with Group 1 profiles only redeveloping stable storm berms. Sedimentology
data suggested that there was now more sand present at the profiles than seen in 1997, however
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it is not conclusive as to whether this was a result of the earthquake or the development of the
profile over the 21 years since the data was last collected. These results will be discussed in the





As first stated in Chapter 1, the overall aim of this research is to further our understanding of
how MSG coastal environments respond to a large tectonic events where there is an earthquake-
induced change in relative sea level. Following an earthquake, beaches respond to significant
changes to environmental conditions, including the change in relative sea level and sediment
supply. This chapter will broadly discuss the results presented in Chapters 5, 6 and 7 to inform
conceptual response pathway models for the different variations of MSG beaches found on the
Kaikōura coastline, as well as discuss the implications of seismic activity in coastal resource
management in New Zealand herein.
8.2 Conceptual response pathways
Four conceptual response pathway models have been developed using the results found in this
study, combined with findings of various other authors (Single, 1985; Paterson, 2000; Brown,
2017). The results from this study were able to inform the shorter term response, whilst previous
studies provided details for the longer term response. The results in Chapter 5 showed that
there are three main within-type variations of MSG beaches on the Kaikōura coastline. These
groups, classified based on a variation of geomorphic parameters, represented the different
environments along the coastline, as well as the variations of MSG beach types existing within
the study area. Sediment supply and sediment transport to each profile were primary factors
which polarised the three groups. Prior to the earthquake, Group 1 profiles had a long-term
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accretionary trend, and geographically the profiles in this group were located in an area which
would be considered a sediment trap. Group 2 profiles had different geomorphic properties to
Group 1, however these profiles had long-term stable/accretionary trends, in which the profile
varied significantly from year to year due to sediment pulses moving alongshore and passing
through the profile. Group 3 profiles primarily had erosional trends, and were narrow profiles
with little sediment supply.
As identified in Chapter 7, the response of the beach profiles followed similar patterns in terms
of volume and shoreline change, as well as beach shape change within their group. As a result
of these findings, there were two predominant trends in which the beaches were responding in
the short-term post-earthquake environment: accretionary profiles and erosional profiles. The
difference between these two profile responses was primarily that pre-earthquake erosional pro-
files were found to be retreating back to pre-earthquake extents 22 months after the earthquake,
whilst pre-earthquake accretional and dynamic beaches had a increased/stable sediment sup-
ply which promoted growth or maintaining of the increased volume caused by the earthquake
uplift. From herein, Group 3 profiles will be referred to as erosional profiles, while Group 1 and
2 profiles will be referred to as accretional profiles.
The conceptual response pathway models presented in this chapter use Single’s (1985) response
model to inform the longer term response of the conceptual model. There are several limita-
tions and differences between Single’s (1985) model to this conceptual model which need to be
acknowledged, due to the lack of data availability following the Napier earthquake, of which the
models presented in this chapter have attempted to address. The first is the time period which
this research has informed is for the first 1-2 year response of a MSG beach, while Single (1985)
addressed the response on a decadal, long-term scale. Data availability could not inform the
pre-earthquake environment or the immediate post-earthquake environment in Napier in his
study, and therefore the response was produced looking at long-term, historical scale responses.
Single (1985) addresses a response model using profiles as a 2D approach, and 3-Dimensional
(3D) approach which is inclusive of volume. The increase in sediment volume to the profile in
Single (1985) is primarily attributed to the increase from the uplift of the 2D profile, and no
longshore transport is assumed. The conceptual models presented in this chapter acknowledge
the important role longshore sediment transport plays in these systems, as well as the increase in
sediment budget following an earthquake due to the influx of sediment from landslide debris up
the nearby catchments. The conceptual models acknowledge the changes in sediment budgets
across the different profiles following the earthquake, where there is an expected increase in fines
in the sediment budget following the earthquake, then pulses of gravel in the years following.
Single (1985) also believed that pre-earthquake the Napier beaches were in or near a quasi-
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equilibrium state, and after the earthquake, these beaches were evolving back to an equilibrium
steady state. His model, however, assumes that the beaches were in an equilibrium state
prior to the earthquake, in which the beach response will be complete when the beach is of
the same form as it was pre-earthquake in terms of profile shape. In this research, the 18
year pre-earthquake data set was used to determine trends of the different beach profiles prior
to the earthquake in Kaikōura, where most profiles were proven to to have accretionary or
erosional profile states prior to the earthquake. While these beaches could be equilibrium
in plan view, most are not in profile, and therefore these beaches are likely to be classified as
quasi-equilibrium, working towards a steady state equilibrium in which there is no net sediment
change in both planar and profile form. The difference in pre-earthquake beach state means
that the long-term response may differ from Single’s (1985) model. For example, if prior to
the earthquake beaches had strong erosional trends, following the earthquake these trends may
resume and could erode beyond the pre-earthquake profile. However, Single’s (1985) model is
the most commonly accepted long-term response model for this beach type to an earthquake
event, and therefore the response model is applied here with caution to represent the long-term
response in the conceptual models produced in this chapter.
The following will present the four different MSG profile responses to a 1 m fall in relative sea
level. Two profiles represent the erosional and accretional profile response in a typical MSG
beach environment found in Kaikōura. Two profiles represent the erosional and accretional
MSG beach response in a Kaikōura specific scenario where limestone rock shore platforms are
present in the nearshore. Estimated conceptual sediment budgets are aligned alongside the
response profile to acknowledge the 3D component of the models.
8.2.1 Accretional profile response pathway
The accretionary profile response pathway is presented in Figure 8.1. The first three stages of
the model are informed by the results presented in Chapter 7, while stages four and five are
informed by Single’s (1985) model. The conceptual model (Figure 8.1) begins with the uplift
of a pre-earthquake accretionary beach profile. Following the uplift, there is instantaneous
progradation and an increase in volume due to sediment being uplifted into the subaerial zone.
The position of maximum wave effect, the seaward extent in the nearshore where wave energy
is moving sediment, is ‘stepped’ out in a seaward direction.
In Stage 2 of the conceptual model, months following the earthquake, storm berms will develop
at lower elevations than the pre-earthquake storm berm, and there is unstable development of
small berms at lower elevations than pre-earthquake elevations. In Stage 3 of the conceptual
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model, 2 years after the earthquake, the intial berm redevelopment in Stage 2 has moved
further up the beach profile, at elevations similar to pre-earthquake elevations. In addition to
this there is growth and stabilisation of the storm berm, which builds up at an elevation similar
to pre-earthquake elevations. Over this time period, the beach has maintained its volume
and progradational changes following the earthquake, and some beaches with good sediment
supplies will continue to accrete.
Stages 4 and 5 of Figure 8.1 represent the longer term response, as modeled by Single (1985).
These stages are ‘faded’ out in the figure to represent the uncertainty in the long-term response
at these profiles due to the knowledge of pre-earthquake trends at these profiles. The two
stages show the nearshore is subject to slow erosion as the position of maximum wave effect
erodes the nearshore, retreating landward back to its pre-earthquake position. In Stage 5, the
nearshore has eroded, and the subaerial environment erodes back to a pre-earthquake profile
form, with the position of maximum wave effect also returning to its pre-earthquake position.
During this whole response period, the pre-earthquake storm berm has been uplifted out of
the active beach environment, and experienced no changes. The old storm berm becomes a
perched, relict part of the beach system in its backshore. These two stages are uncertain as the
pre-earthquake conditions of the Kaikōura beaches do not equate to the assumed equilibrium
beaches in Napier used to develop this model. Therefore, there is a posibility that this response
will occur, however there is also a chance that the beach may continue to accrete.
The conceptual model shows that the responses in an accretional beach largely surround berm
re-development relative to sea level, and slow eroding of the nearshore. The continued ac-
cretional trends of the profile are likely due to several factors, including a large and possibly
increased sediment supply nourishing the area, as well as the dissipation of wave energy in
the nearshore environment from the position of maximum wave effect stepping in a seaward
direction following the uplift. A degree of dissipation of wave energy in the nearshore, com-
parative to pre-earthquake conditions, will last as long as the nearshore is eroding and the
position of maximum wave effect is seaward of its pre-earthquake position. This process is
consistent with the research of Paterson (2000) who found that uplift and wave dissipation in
the nearshore promoted onshore accretion as a result of the lower energy environment acting
on the subaerial beach in the post-earthquake Napier environment. Single (1985) found that
the subaerial environment began to respond in full to the earthquake after the nearshore had
eroded, and following this the subaerial environment eroded back to its pre-earthquake pro-
file extent and shape. The conceptual model long-term response for accretionary beach shows
the erosion back to pre-earthquake extents, however it is possible that if the beaches continue






















































































































































































































































































































































































































































































































































































































































may not erode back to their pre-earthquake profile extents, and the beaches could continue to
accrete.
Following the earthquake there was also redevelopment of berms and storm berms at elevations
lower than their pre-earthquake positions, and over a year later these berms had migrated to
positions in alignment with pre-earthquake elevations relative to sea level and were deemed to
be more stable. This process is consistent with Stanley’s (1968) research which observed MSG
beach changes following the 1964 Great Alaskan earthquake. Stanley (1968) found that weak
berms developed following the earthquake due to the influx of fine sediment making its way
down the catchment and to the profiles alongshore. He believed it would take over two years
to develop stable berms as there was not enough gravel sediment to build these immediately
after the earthquake, due to the lag in gravel transport to the coast. The conceptual model
shows storm berms reforming at lower elevations in the initial few months post-earthquake,
then migrating up the profile by Stage 2 back to pre-earthquake elevations. This is possibly a
result of short time period between the event and the survey, where there may not have been
enough high wave energy events to re-develop a berm at the elevations seen pre-earthquake,
which developed over a series of storm events (Roberts et al., 2013).
The response will be severely influenced by the fact that these beaches had strong accretionary
trends prior to the earthquake, and therefore this trend would be expected to continue after
the beach profile had been uplifted. Additional sediment added to the sediment budget of these
profiles needs to be of the right size, otherwise it will filter through the beach system and not
stay within the profile. For example, the fine sands eroding in the nearshore are additional
to the sediment budget, however it is unlikely they will make their way permanently into the
beach profile due to their ability to being easily transported offshore (Stanley, 1968; Paterson,
2000).
The Group 2 profiles represented by this conceptual profile have less consistent pre-earthquake
trends when compared to Group 1, as these profiles proved to be very dynamic and had the
ability to accrete and erode by significant amounts from year to year. Since the earthquakes
these profiles have rapidly increased in sediment volume and continue to prograde. The rate
that these profiles are growing is higher than Group 1 profiles, and therefore based on these
two short-term observations, Group 2 beach types are more likely to take longer to return to a
pre-earthquake profile.
Two profiles which were originally considered to be Group 3 profiles based on geomorphic
parameters, KCK3800 and KCK3855, shared a response path in common with other accretional
profiles, as opposed to responding in a similar way to other Group 3 erosional profiles. Another
anomaly was KCK4700, which significantly eroded following the earthquake, however there
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was no tectonic component to this profile as it did not undergo any uplift, and therefore was
not considered for interpretation in the conceptual model. The post-earthquake response of
KCK4700 will be discussed in a later section.
8.2.2 Erosional profile response pathway
The erosional conceptual response pathway is shown in Figure 8.2, and is representative of
profiles from Group 3, which did not have a sufficient sediment supply due to physical barriers
preventing alongshore swash zone sediment transport to these profiles. Stage 1 of the conceptual
response pathway shows there was an initial gain in volume, as the profile is uplifted, as well as
progradation of the shoreline. Similar to the accretional response pathway model, the position
of maximum wave effect steps out seaward as a result of the uplift. Stage 2 shows the profile
response in the months following the earthquake, where both the storm berm and the berm are
reformed at elevations similar to pre-earthquake berm elevations, relative to sea level, and the
change in position of maximum wave effect is beginning to affect the nearshore bed.
In Stage 3, the first years following the earthquake, the storm berm has eroded, and the berm
has continued to develop at an elevation relative to sea level and its pre-earthquake position.
The erosion in the subaerial environment may be indicative of erosion in the nearshore, as
suggested by Single (1985) in his post-earthquake model, however it is also likely due to the lack
of sediment supply in the area not being able to supply the subaerial profile, and therefore the
subaerial environment is being effected before the nearshore has eroded back to pre-earthquake
extents. The position of maximum wave effect moves landward as the nearshore begins to
erode. As the wave energy begins to act on the subaerial environment, the profile begin to
erode back to its pre-earthquake shape and extent. This was demonstrated in the results of
the 2018 survey, where erosional trends were found at these profiles, and most of these profiles
had berm development in the lower profile, and erosion of the storm berm.
Stage 4 and 5, in the same fashion as the accretional response pathway model, are faded in
Figure 8.2 to represent the uncertainty of the long-term response in beaches with long-term
erosional trends. The long-term response modeled by Single (1985) would be more likely to
take place in an erosional beach setting, as the profile will naturally erode back to its pre-
earthquake beach extents. However, in this scenario it is likely that the beach will continue to
erode past its pre-earthquake extents and create scarping at the back of the active beach. This
profile response differs from the accretional profile, where the nearshore has mostly eroded back
to a pre-earthquake position, and a limited sediment supply at the profiles mean that there is








































































































































































































































































































































































































































































































































































of maximum wave effect is back at the pre-earthquake position, the profile has eroded back to
match the pre-earthquake profile shape. The backshore still maintained its elevation gain, as
this part of the profile was not reworked by the wave energy acting on the beach system.
The erosional conceptual response pathway predominantly demonstrates erosional trends fol-
lowing the earthquake, which was an expected response given that these profiles already showed
long-term erosional trends pre-earthquake. Despite the sediment pulses of sand and gravel from
the catchment contributing to the sediment budget following the earthquake, the distance from
the river sediment source, combined with the lag in time it will take for gravels to travel down
the catchment and alongshore to these profiles means that it is likely the only increase in sedi-
ment budget for these profiles will be from the erosion of uplifted fine sands in the nearshore.
MSG beaches are predominantly fueled by alongshore transport, not onshore–offshore trans-
port (Kirk, 1980). Therefore, even if there was fine sediment that had made its way into the
nearshore of these profiles, it is unlikely to make it onshore into the subaerial environment and
stay in the gravel dominated, high energy foreshore. It is likely that the long-term movement
of gravel pulses of sediment down the coast will not make it to these profiles, as alongshore
transport it is stopped by barriers (Figure 6.2), and therefore the profiles will still continue
to erode without a stable sediment source. The results of this study suggest that the rate at
which these profiles will erode back to their pre-earthquake profile will be much quicker than an
accretionary profile. Once the beach has reached its pre-earthquake profile extent, it likely that
the profile will continue to erode based on its pre-earthquake trend. Single (1985) believed that
the erosion scarp at the storm wave runup limit could continue to erode until the wave energy
can be totally dissipated on the foreshore, and erosion of the scarp will then only occur during
significant high wave periods. The only influence which would change the erosional response
pattern would be the introduction of a new sediment source to these profiles, for example by
renourishment on the Esplanade, or movement of the Kowhai River back to its original outlet
north of the Peninsula.
8.2.3 Rock shore platform accretionary response pathway
Rock shore platforms are an unusual feature of the Kaikōura MSG beach study area, which
are not considered in the Single’s (1985) model due to their absense from his Napier study
area. The rock shore platforms are located around the Kaikōura Peninsula, and are made of
consolidated mudstone and limestone, and can promote perched beaches upon these platforms,
as can be described in various forms in Gallop (2012). These platforms can provide protection
for the beaches in erosive events, and promote sand transport onshore (Gallop, 2012). Little
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is understood about the state of the perched beaches in Kaikōura specifically, and the geo-
morphology surrounding these settings. None of the profiles used in this study fall into this
category, however it is an important concept to introduce into this conceptual model, to be
further expanded on in future research, as many beaches on eastern sections of the Peninsula
in the study area are likely to have been affected by this. It should be emphasised that the
following is a conceptual model which was not directly examined in this study, however it high-
lights the slow response period which is likely to occur should the nearshore bed of an uplifted
beach consist of consolidated limestone.
Figure 8.3 shows that during the initial earthquake induced uplift (Stage 1), the limestone
platform is uplifted into the pre-earthquake nearshore environment, and the position of max-
imum wave effect is stepped out seaward, as seen in the previous two conceptual response
models. The position of maximum wave effect needs to erode the nearshore in order to return
to its pre-earthquake position, and subsequently the beach can return to its pre-earthquake
extents as described the previous two conceptual models. The erosion of the nearshore in this
conceptual pathway will take a lot longer than the erosion of the nearshore in the previously
discussed erosion and accretion pathway responses, as instead of eroding unconsolidated fines,
the position of maximum wave effect has to erode through the limestone platform to return to
its pre-earthquake position. While the position of maximum wave effect slowly (century scale)
erodes away the nearshore, wave energy continues to be dissipated further seaward than pre-
earthquake, and promotes further accretion of the perched profile if there is a strong sediment
supply, with berms developing at pre-earthquake elevations (Stage 2).
Stages 4 and 5 of Figure 8.3 are faded to represent the uncertainty of long-term response in
these specific environments, given that the both the pre and post-earthquake environments have
proven to be very different to Single’s (1985) model and assumptions. The significant difference
between this conceptual model to the previous two is that following the uplift, the nearshore is
consolidated, and therefore erosion of the nearshore environment will take significantly longer
than the erosion of unconsolidated fine sediment in the previous two models. The erosion
of the nearshore will likely take hundreds of years. Studies have shown that the limestone
plateforms erode in an intertidal environment at 1.130 mm/yr in Kaikōura, of which the erosion
is mostly a result of wetting and drying (Stephenson and Kirk, 1998). Therefore, the rate at
which the consolidated and submerged platform will erode is likely to be thousands of years.
When this process is completed and the wave energy can act as it did pre-earthquake on the
subaerial beach, and the subaerial environment will be reworked slowly landward towards its
pre-earthquake profile, or with sufficient sediment supply, may continue to accrete.





























































































































































































































































































































































































































































































































































































































largely dependent on onshore-offshore movement of sediment, as opposed to the alongshore
transport which drives sediment movement seen in Figures 8.1 and 8.2. Low energy environ-
ments, enhanced by the dissipation of wave energy further away from the break point step,
promotes onshore movement of sediment (Ciavola and Castiglione, 2009), which if there is a
good sediment supply to the profile, there will be accretionary trends at the beaches. Fol-
lowing an earthquake, there may be an additional finer sediment availability in the nearshore
environment which could be moved onshore, however additional gravel to the sediment supply
following the earthquake would be unlikely to affect these beaches, due to the distance from the
sediment sources, barriers blocking this alongshore transport, as well as the energy required
to push gravel onshore in these environments. During the whole 5 stages, the uplifted pre-
earthquake storm berm remains untouched, and creates a relict beach, unless wave washover
occurs at the profile.
8.2.4 Rock shore platform erosional response pathway
The erosional response pathway for beaches located on the rock shore platforms is seen in
Figure 8.4. The model shows that the predominant sediment characteristics of the profiles
are onshore-offshore transport of sediment from the erosion of the limestone platforms, and
the profiles are not reliant on the sediment supply from rivers, as other response models have
demonstrated. This lack of alongshore transport and sediment availability means that there is
erosion of sediment from the subaerial environment, as seen also in Figure 8.2. The uplifted
profile steps out the position of maximum wave action, and over time, the limestone in the
nearshore will erode away in order for the position of maximum wave effect to move back to
its pre-earthquake position, as seen in the previous models. Similar to Figure 8.3, the rate at
which the nearshore will erode is significantly longer in the consolidated nearshore environment
than the unconsolidated nearshore environment demonstrated in Figures 8.1 and 8.2. Initially,
as shown in Stage 1, there is some progradation after the uplift, from additional suspended
sediment supply in the nearshore, and wave energy being dissipated further away from the
beach, promoting onshore movement of the sediment, however this trend will likely change to
erosional within the first few years of the earthquake, as seen in Figure 8.2.
In the years following the earthquake, the erosional processes which were occurring pre-earthquake
will resume, and although the nearshore has not eroded back to pre-earthquake position due to
the slow erosion of the consolidated limestone platform, the subaerial beach will erode back to
its pre-earthquake profile, due to the lack of sediment supply to the profile. The only addition
































































































































































































































































































































































































































































































limestone and the position of maximum wave effect slowly moves landward, however as stated
in Stephenson and Kirk (1998), the eroded sediment is so fine it is unlikely to rework into the
beach system and is more likely to be transported offshore. The uplifted storm berm does not
undergo any changes in the months to decades following the earthquake, and creates a relict
beach in the backshore. As the subaerial environment erodes over time, the upper foreshore
may erode away beneath the limit of wave process action, and a steep scarp may occur, erod-
ing into the backshore environment if there is no washover. In terms of a long-term response
which encompasses the erosion of the nearshore environment, both models described in Figures
8.4 and 8.3 will take centuries to recover their nearshore to pre-earthquake extents given the
slow erosion rates of the consolidated and submerged limestone. Beaches with unconsolidated
nearshores will have a significantly quicker recovery period in comparison.
8.2.5 Environmental conditions influencing response rate
As addressed throughout Section 8.2, Single’s (1985) model for beach response was not able to
consider some factors which this study was able to address. The main difference between this
study and Single (1985) was that it was determined in this study that prior to the earthquake
a lot of the profiles were not in equilibrium or stable. Single (1985) could identify using aerial
imagery some sites which he suspected were not planar equilibrium prior to the earthquake,
based on the shape of the coastline and surrounding features. A limitation of the conceptual
models presented in Section 8.2 was that the long-term response of beaches which are not in
equilibrium is yet to be determined. However, this is a difficult task given the amount of vari-
ables which would act and change on a profile over a decadal scale response time period. When
sediment supply and changes to the sediment budget are taken into consideration, the rate
at which a beach will return to it’s pre-earthquake profile extent is affected. The conceptual
response models presented demonstrate that the long-term response is likely to be influenced by
the sediment available to the profile. In order to return to the pre-earthquake profile following
an earthquake which has uplifted a beach profile, erosion will take place. Profiles with pre-
earthquake erosional trends will continue to erode after the uplift, and will therefore return to
their pre-earthquake profile extent quicker than accretionary profiles. The rate at which accre-
tionary profiles return to their pre-earthquake form will be significantly slower than erosional
profiles, and furthermore, sites with consolidated nearshore environments will take centuries to
fully respond, due to the slow rate at which the nearshore can erode.
Another main factor which will affect the rate of response is climate change, and its associated
effects with increase in storm intensities and sea level rise (Kay et al., 2015; Mullan et al.,
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2016). An increase in storm intensity could lead to more significant erosional events acting on
the coastline. This could impact the recovery of the beaches, as the erosion of the beaches will
speed up the rate in which the profile returns to the pre-earthquake extents. Sea level is expected
to rise by 0.5–1 m as a result of climate change by 2100 depending on the Representative
concentration pathway (RCP) being modelled (Cazenave et al., 2014; Horton et al., 2014). The
1 m uplift of the coastline means that going forward, the backshore environment is in a more
resilient position than prior to the earthquake. However, as stated above, the erosional beaches
are still eroding post-earthquake, and therefore the uplift should be utilised as a ‘buffer’ for
sea level rise, rather than a coastal development opportunity, as seen in Napier where uplifted
land was utilised for a development opportunity, followed by ensuing erosion problems decades
later (Single, 1985). The accretionary beaches, if not significantly impacted by the increase
in storm intensities, will continue to thrive and the 1 m elevation gain will likely continue to
have a positive effect on the beach. The erosional beaches, as seen in Figure 8.2, will maintain
the elevation in the backshore, however any shoreline advances made as a result of the uplift
will be lost in the response, and therefore the erosional beach types are only slightly better off
in the face of sea level rise relative to pre-earthquake conditions, as the effects will still be of
that predicted before the earthquake, however the elevated backshore will have slightly more
protection now from events such as storm surges based on elevation alone.
In summary, beaches which exhibited accretionary trends prior to the earthquake, are likely to
continue to do so in the long-term following the earthquake, and are more resilient now against
sea level rise and events associated with climate change. Beaches exhibiting erosional trends
prior to an earthquake are likely to retreat back to their pre-earthquake profiles quicker than
accretional beaches, and are not as resilient against sea level rise and associated climate change
events as accretional beaches. The uplift should, in both instances, be treated as a ‘temporary
buffer’ for sea level rise, and the beaches should continue to be monitored to determine the
further changes that these beaches will undergo in the medium-term response period, as well
as how they respond to sea level rise.
8.3 Consideration of seismic hazards in coastal
environments
Typically, seismic hazards in coastal environments are largely focused on the tsunami impacts,
a subsequent hazard occurring after an earthquake. Little consideration is had for the long-
term impacts which result from coasts undergoing significant uplift, as the effects are usually
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interpreted as a positive impact where beaches have more available sediment, both from in-
creased sediment supply from landslide debris in catchments, as well as increased beach volume
from more sediment being uplifted into the subaerial environment. Public misconception of
the recovery of uplifted beaches is very prominent, especially due to the long-term response
which is often longer than the average human coastal residence or lifetime (Single, 1985; Olson,
2010). Reports on areas currently affected by significant coastal erosion refer to the erosion
being largely caused by the lack of earthquakes resulting in less sediment coming down the
catchment to renourish the beaches (Allis, 2016). An example of this is the Granity, Hector
and Ngakawau area on the West Coast, New Zealand, which is experiencing significant erosion
that is suspected to be a part of the long-term trends at the site. Several reports investigating
the erosion issue states that the beaches are dependent on the sediment input from catchments
generated by slips and landslides in earthquakes, bringing sediment to the coastline to renourish
the beaches (Ramsey, 2007; Allis, 2016). The report does not mention that the nearshore may
be recovering from the 1929 Buller (Murchison) earthquake which was Mw 7.8 and promoted 4.5
m of uplift in the nearby town of Westport, or furthermore the 1717 Alpine Fault earthquake
(Yetton, 2000). The response of the nearshore in the decadal to century time scale following
the earthquake, as demonstrated in Section 8.2, shows that once the nearshore has responded,
the subaerial environment will likely erode due to the position of maximum wave effect moving
landward (Single, 1985). Usually the time gap between the event and the erosional response is
quite significant, leaving a lot of time for the societal impacts of the event to resolve and the
community to move on. Furthermore, in a dynamic coastal environment, it could be perceived
that these systems would respond in a much quicker time frame, and therefore effects 80 years
on may not be attributed to such event. However, the long-term response of the nearshore and
its associated effects with subaerial erosion years on from the earthquake should be considered
in a tectonically active country. Coastal erosion is a modern day issue along the Napier coast-
line, where erosional trends along the coastline are largely attributed to the deformation of
the coastline following the 1931 Napier earthquake, where the effects of this tectonic event are
acknowledged as a possible cause for modern erosion despite the historical nature of the event
(Komar, 2010).
The infrequent nature of these large tectonic events means that the importance of them in a
coastal setting can often be overlooked, or forgotten. In a tectonically active country, such as
New Zealand, the beaches are significantly influenced and shaped by seismic activity. This can
be by the instant uplift causing relict beaches in the backshore, to river aggradation affect-
ing the sediment budget, to the slow long-term recovery of the nearshore. Tectonics are not
acknowledged as a coastal process effect in many conceptualisations of coastal geomorphology
(eg. Cowell and Thom, 1994). Many theories have been largely developed in countries which
129
Figure 8.5: A temporal and spatial representation of coastal processes which affect the coastal morphology.
Earthquake disturbances has been added to the conceptual diagram in the geological section due to the long
return interval of earthquakes, and the response period of its sub-sequential hazards and impacts. Earthquake
disturbances encompasses all short and long-term effects of the earthquake, including tsunami inundation to
river aggradation, to long-term nearshore adjustments. Adapted from Woodroffe (2003) after Cowell and Thom
(1994).
are not as tectonically active, and therefore tectonics do not have such a distinctive presence in
coastal morphology, such as in Australia and Britain. New Zealand is very tectonically active,
and therefore consideration of seismic activity needs to be acknowledged as a prominent process
affecting the geomorphology of the coastline. Figure 8.5 shows how tectonic activity would be
incorporated into the Cowell and Thom (1994) conceptual model, later adapted by Woodroffe
(2002).
Figure 8.5 shows that tectonics as a process encompasses a large range of spatial and temporal
components of the model, and affect the coastline on a geological scale due to the long return
intervals. On a short-term temporal scale, tectonics cause instantaneous change over a large
area. Subsequently, tsunamis can occur in the hours following an earthquake, which can have
a detrimental impact on the sediment supply directly on the beach, as described in Paris et al.
(2009), where 275,000 m3 of sediment was eroded along a 9 km stretch of coastline in Sumatra,
Indonesia. Impacts from the earthquake continue to shape the coastline throughout the entirety
of the time scale, with different environmental disturbances continuing to effect the recovery
period of the coastline until the next earthquake occurs, over the long return interval between
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Figure 8.6: Seismic Staircase model that shows that immediate and delayed responses of the sand beach
environment following an earthquake. The responses of humans are variable, but can be both immediate and
delayed (Taken from Goff and McFadgen, 2002)
events. As seen Goff and McFadgen (2002) seismic staircase model (Figure 8.6), progress from
the tsunami to the landslide and vegetation disturbance between between 0–10 years after the
earthquake. Following this, in a sand beach environment, there is coastal dune building between
10–100 years, with river aggradation happening from 10–200 years following the earthquake.
Paleo-beaches occur with the abandonment of the storm berm as it is uplifted out of the limit
of wave process action, and will historically mark the amount of uplift which occurred if not
destroyed by washover, erosion or a tsunami after the event.
In summary, tectonics play a significant role in shaping New Zealand beaches, over various
spatial and temporal scales. Most New Zealand beaches are reliant on ‘injections’ of sediment
through tectonic events, caused by the landslides and associated sediment travelling down the
catchment as a result. Tectonic activity reintroduces sediment to the coastline, and when
uplift occurs erosional trends can be masked for a period of time. The infrequency of large
events means that the long-term response component of these events are often forgotten. A
large amount of research in regards to coastal processes comes from continents which do not
experience seismic activity on the same significant scale. The inclusion of tectonics in these
models, and the acknowledgement of these processes in coastal geomorphology is necessary for
global applicability in future iterations to ensure that the consideration of historical events is
accounted for when assessing the erosion hazard on coastlines which will experience sea level
rise in the future.
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8.4 Implications for Kaikōura coastal resource
management
The Kaikōura coastline is significant to the local community and tourism industry, in terms
of the natural beauty of the landscape features, the opportunities for recreational use and the
unique biodiversity which resides there, which are all utilised to create economic opportunities
to drive tourism and other coast dependent industries within the local area. The results from
this study have shown that following significant uplift in a coastal environment, erosional trends
at a profile can be initially masked, but eventually a lack of sediment supply to a profile will
result in the continuation of erosional trends. The uplift essentially acts as a ‘buffer’ for coastal
events following uplift, however the buffer should not be percieved as a permanent change to the
coast. Prior to the earthquake, Group 3 profiles located along the Esplanade were renourished
using sediment extracted from South Bay for 18 years 3.5. The consent for the renourishment
was renewed in 2016 (OCEL Consultants NZ Ltd, 2016). The long-term trend analysis for
these profiles (presented in Chapter 5 and seen in more detail in Appendix A) showed that
the renourishment was effective in masking erosional long-term trends, however there were still
periods of erosion following renourishment. The uplift of around 1 m in this area masked
initial erosional trends and provided more sediment in the subaerial environment between the
November 2016 earthquake and the January 2017 survey. The results then showed erosion was
occurring between 2017 and 2018. An implication for resource management in this area is that
these sites need to continue to be continuously monitored over the coming years to ensure that
the uplift is not misconcieved as being a long-term solution to the erosional problems along
the Esplanade. Renourishment may need to be undertaken at these beaches again in the near
future, as these beaches are likely to erode quickly to their pre-earthquake profile, and continue
to erode if not renourished.
Another resource management issue which has drawn attention in this study is the mining of
alluvial gravels in the Hāpuku River, and the direct implications south of the rivermouth at
profile KCK4700 where the profile has undergone significant erosion since the earthquake. At
the time the survey was taken, gravel extraction from the Hāpuku River was taking place, as per
the consent granted in May 2017 to extract gravel until May 2019 (Environment Canterbury,
2017). The significant erosional trend following the earthquake recorded at this profile (Figure
7.4) was not outside of its long-term envelope, and the profile was also not recorded to have
uplifted by anything following the earthquake. The consent states that the during excavation,
all efforts should be undertaken to minimise erosion of the Hāpuku River bed, and to minimise
the discharge of sediment to the Hāpuku River (Environment Canterbury, 2017). The consent
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does not state a total limit of how much gravel can be extracted, only that stockpiles must
not exceed 10,000 cubic metres. There is no mention in the consent about the implications
on the coastal systems with the extraction of its sediment supply. A delayed response of the
earthquake will be river aggradation (Figure 8.6), and management of this will eventually need
to be undertaken to ensure the water levels of the rivers do not exceed the river banks. If the
extraction of alluvial gravel at the Hāpuku River was for this purpose rather than commercial
reasons, steps could be taken to introduce this sediment to the coastal environment, as opposed
to removing the sediment from the catchment supply, which will have an effect on the sediment
budget of the coastline. The coastline between the north of the Peninsula and the Hāpuku
River is heavily reliant on the sediment from the Hāpuku River. If the mining is the cause
or a contributor to the erosion at KCK4700, then this may have a flow on effect to sites
further south if the mining continues as the beaches nearshores begin to erode and the subaerial
environments begin to be reworked to their pre-earthquake extents. Caution should be exercised
when granting these consents in the future, and part of the consent application should require
a detailed coastline impact assessment on how the amount of gravel extraction will effect the
Kaikōura coast.
The South Bay area recently underwent changes in the backshore of profiles KCK2470 to
KCK2496, where the area has been infilled with gravel and limestone chip and converted to a
freedom camping site. The profiles here are accretionary beaches, which are likely to continue
to thrive following the earthquake, however this knowledge was not available to the Kaikōura
District council when the decision was made to change this site. There was also no coastal con-
sent granted by ECan to infill the coastal site, and there was also no coastal impact assessment
undertaken. Fortunately, this research showed that the South Bay sites predominantly have
an accretionary trend after the earthquake, however this may not be the case in a few decades
when the nearshore begins to retreat. More consideration needs to be taken when developing
coastal land after the earthquake. The uplift should be merely considered a buffer for the time
being, as eventually the additional beach gained from the earthquake may erode away.
In the face of sea level rise over the next 100 years and beyond, it can not be expected that
a predicted 1 m sea level rise by 2100 has been cancelled out by 1 m of uplift. While the
backshores will remain 1 m higher than prior to the earthquake, the reworking of the beach
sediment over time will result in most instances with the retreat of the beach profile and the
shoreline back to pre-earthquake profile extents. The rise of sea level will therefore still have an
impact on the beach, and any increased storm frequency and intensity associated with climate
change could continue to further impact the coastline. The impact of the uplift is positive,
and the Kaikōura coastline will be more resilient than it was previously, however the coastline
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should continue to be monitored to determine the rate of the retreat of the beaches as sediment
gets reworked through the coastal system, and it should not be a given that areas which were
uplifted are in the clear from sea level rise. Coastal hazards will be evolving over the coming
years as the beaches respond to the earthquake, changes in sediment, and the associated effects
of climate change and sea level rise. Consideration of these current and future issues needs to
be accounted for in the Kaikōura District Plan, as well as the Regional Coastal Environment
Plan. This will ensure that development near the coast (eg. South Bay freedom camp site), or
activities which will have an effect on the coast (eg. gravel extraction at the Hāpuku River) will
have to consider the current and future state of the coastline as it responds to the earthquake
and climate change, of which hazard considerations which are alluded to in Objective 5 of the
New Zealand Coastal Policy Statement (NZCPS, 2010).
8.5 Surveying in post-earthquake environments
This study has highlighted the difficulties with collecting and analysing data that relies on the
geodetic system following an earthquake. The lack of research and protocol available means
that there is potential for earthquake disturbances to be recorded differently after event ( eg.
re-measuring using the geospatially correct line vs re-measuring using the physical line). A
distinction between the two lines needs to be understood, and going forward, protocol for this
type of event needs to be created so that nationwide, the methods used to record disturbances
are consistent. This research used the geospatially correct line, as explained in Chapter 4.
It would be proposed that from herein, the re-surveying of Kaikōura beach profiles uses the
geospatial line, and physical benchmarks are realigned to this geospatial line. Furthermore, in
future tectonic events in New Zealand, it would be suggested that the geospatial line method is
also used, so the recorded disturbance in the historical data set is uniform across the country,
and there is no confusion over what has actually been measured.
An apparent issue prominent in this research was the slow recovery of the geodetic system after
the earthquake, as a result of the accessibility to the area, and the timely nature to remodel
the NDM due to the area being continuously affected by aftershocks in the years following the
earthquake. There is the option of creating a control framework to conduct the surveys, which
is recommended by LINZ following an earthquake, however in the instance of the Kaikōura
Earthquake, the control framework created was still vertically out by about 1 m when adjusted
to the finalised NDM patches applied to the geodetic system.
The collection of LiDAR and aerial imagery after an earthquake is popular because if collected
with a built in GNSS positioning system, data can be collected without the need for the geodetic
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system to be re-established, and change from the earthquake can be accurately determined on
a local or regional scale. As presented in Chapter 6, in order to obtain data to inform the
conceptual models and the level of detail required for this research, beach profile surveying
is the only technique explored in this study which could provide this level of detail. LiDAR
data is useful in the sense that it can be used to determine the change in the area at a metre
resolution scale (as seen in Kaikōura case study), where vertical accuracy is within 15–25 cm.
The resolution of this data is not high enough, however, to obtain detailed information about
beach shape change, where berm shape change and movement can not be accurately depicted.
Aerial imagery can often be higher resolution than LiDAR, however lacks the vertical component
required to determine the changes in elevation following the earthquake.
When addressing the issue of what is the correct way to survey following an earthquake, it is
difficult to suggest a robust procedure which can be used following an earthquake to determine
changes in such detail required for this study. In the interest of coastal geomorphology, beach
profile surveying should be undertaken as soon as possible following an earthquake, within
the constraints of avoiding hazard exposure and gaining access to the sites. ECan’s approach
of creating their own control framework following the earthquake is the most viable option
available in order to be able to collect data in the interim period between the earthquake and
re-establishment of the geodetic system. By measuring the geospatially correct line in the field,
it means that it is a seamless to compare collected field data with spatially accurate LiDAR data
to refine the accuracy of the survey data taken using a created control framework. The data
collected can be compared to LiDAR to see how vertically accurate the survey was, with 15–25
cm being an acceptable error between the two due to the difference between LiDAR and beach
profile survey techniques’ error margins. The data can be recalibrated to the re-established
geodetic system in the years following the earthquake to ensure greater accuracy. This research
highlights the need for survey data to be collected in the initial months and years following the
earthquake to ensure these recovery periods are captured in detailed surveys.
8.6 Conclusions
This chapter has presented the conceptual models developed through the collection and anal-
ysis of beach profile surveys and LiDAR imagery, and presented them in both erosional and
accretional environments following an earthquake. More specifically, the models showed what
beach response may look like around the limestone peninsula environment, where the response
time would increase as the nearshore would have to erode away limestone platforms in order for
the position of maximum wave effect to return to a pre-earthquake position. The rate at which
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the profile returns to a pre-earthquake position and beach shape is dependent on the sediment
supply to the profile, the changes in the sediment budget as a result of sediment coming down
the catchment from landslides, and the dissipation of wave energy seaward due to the uplift
of the profile. The conceptual models highlight vital role of tectonic activity acting on New
Zealand beaches, giving boosts of sediment to the budget, and uplifted profiles to create relict
beaches in the backshore. Here, earthquakes largely shape the continuous changes to coastal ge-
omorphology, and show that the temporal scale at which these beaches respond is large enough
to interfere with other processes acting on the coastline, such as relative sea level change. The
importance of acknowledging the lasting impacts of earthquakes on the coastline means that
there are implications for resource management, and misconceptions of how beaches fare in the
wake of these events can often be detrimental to resilient long-term planning, as seen in Napier.
Despite the positive impacts of the uplift on the Esplanade, the previously eroding part of the
Kaikōura coastline should continue to be monitored to ensure it can be managed as it quickly
retreats back to its pre-earthquake profile state. In order to collect this information to be able
to monitor the changes of the profiles following the earthquake, the geospatially correct line
should be measured, for ease of comparison with LiDAR data when the geodetic system has
not yet been re-established. A control framework in the area should be generated, however
caution should be exercised when interpreting the initial results of the surveys, as the control




The aim of this research was to further our understanding of how MSG coastal environments
respond to a large tectonic events where there is an earthquake-induced change in relative sea
level, and three main objectives were used to do this.
9.1 Key findings
Objective one of this research was: To establish the previous long-term trends of the unconsol-
idated coastal environments in Kaikōura, through the means of geomorphology and sedimentol-
ogy.
This objective was accomplished by determining the within-type variations of the Kaikōura
coastline using both geomorphic and sedimentilogical parameters of the 18 Kaikōura beach
profiles monitored from 1997–2015. The existence of within-type variations of MSG beaches on
the Kaikōura coastline was determined using a hierarchical cluster analysis of pre-determined
geomorphic parameters and environmental conditions attributed to each profile. The classifi-
cation showed that there were predominantly three within-type variations of MSG beaches on
the Kaikōura coastline: (1) South Bay accretionary beaches, (2) wide and flat rivermouth and
open coast beaches, and (3) narrow and steep beaches. It was determined that the groups were
distributed geographically, and therefore the environmental conditions acting on the profiles
were influencing the geomorphic parameters being classified.
These results are significant in the context of MSG beach research, due to the fact that previ-
ously within-type variations of sand beach types had been established (Short, 1974), and on a
broader scale, gravel type beaches have been classified by geomorphic parameters to determine
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the difference between pure gravel, MSG and composite (Jennings and Shulmeister, 2002). This
study has taken Jennings and Shulmeister’s (2002) classification scheme one step further and
used attributes from previous classification schemes to produce an intial classification scheme
for within-type variations of MSG beaches in the Kaikōura region. This is a significant contri-
bution to MSG beach research in order to validate Jennings and Shulmeister (2002) predictions,
as well as observations, that within-type variations of these beach types exist in the field. It has
provided framework that could be futher refined in a more extensive study of these within-type
MSG variations in a country where MSG beaches are commonly found and widely distributed,
where there is greater variation in environmental conditions.
The second objective of this study was: To evaluate post-earthquake surveying techniques and
the data captured through the use of different methods.
This objective was achieved by determining what post-earthquake surveying techniques and
coastal monitoring techniques are commonly used, and applying these techniques to the Kaikōura
region using pre and post-earthquake data. The methods analysed were LiDAR generated
DEM’s, aerial imagery for shoreline analysis, and beach profile surveying. These techniques
were then critiqued on what information could be obtained when applied to the Kaikōura
coastline, and how this information could inform a short-term conceptual response model. The
results of this analysis showed that LiDAR generated DEM used to determine changes in the
coastal environment gave relatively accurate results, however the errors in the technique were
much higher than that of beach profile surveying. Beach profile surveying was the most effective
method to inform a conceptual model, as it was able to capture a high level of detail with great
accuracy, though it could only capture a small snapshot of the coastline. The high number of
profiles monitored following the earthquake means that assumptions between profiles could be
depicted with reasonable accuracy, and DEM complimented this technique as it could capture a
large spatial area, but in lower resolution. The aerial imagery results showed that the technique
was difficult to use in a MSG environment due to the steep beaches, and a lack of consistant
identifiable features along a shoreline with various within-type beaches. The wet water line and
the vegetation line were used, however the errors calculated and considered when using this
method meant that detailed shoreline change could not be obtained from this method to help
inform a conceptual response model.
These results are significant because there is currently no protocol following an earthquake
informing what is the most effective surveying technique to obtain quick and accurate data
in a coastal environment. These results show that the common collection of LiDAR following
an earthquake can still be used to help inform coastal changes, however for a detailed and
accurate analysis of beach shape change, beach profile surveying needs to be undertaken. The
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importance of this technique has been highlighted, and going forward it may be more of a
priority to continuously monitor these profiles using beach profile surveying in order to continue
bridging the gap of knowledge between short-term and decadal beach response.
The third objective of this research was: To identify what the short-term responses are in a
MSG coastal environment following an earthquake-induced change in relative sea level.
This objective was achieved by collecting beach profile surveying data using GNSS surveying
equipment, and analysing beach profile volume, shoreline, and beach shape changes following
the earthquake, using surveys from January 2017 and September 2018. The results from the
beach profile surveying showed that there was variation in how a beach responded following
an earthquake, but predominantly beach profiles exhibited similar trends within their within-
type group established in Objective 1. There were two main response pathways established,
which represented the short-term response of the profiles monitored: accretionary beaches and
erosional beaches. These responses were largely driven by the pre-earthquake state determined
in Objective 1, and the sediment supply to the profile. If a profile had a pre-earthquake
erosional trend and a poor sediment supply, it showed a post-earthquake erosional trend in
which the profile was seen to be rebuilding berms relative to to sea level and eroding back to its
pre-earthquake profile extents. Alternatively, profiles which exhibited accretional or dynamic
trends pre-earthquake with good sediment supplies have continued to grow since the earthquake
and re-establish berms relative to sea level. If these profiles eventually retreat to pre-earthquake
profile extents due to retreat landwards of the position of max wave effort, then the rate at which
this occurs will be slower than the rate at which erosional beaches respond. Additionally, two
conceptual models were also considered which included limestone rock shore platforms, which
highlight that if the uplift steps the position of maximum wave effort steps out beyond the
limestone platform, the rate at which it will respond will likely be on a century scale due to the
nearshore response having to erode consolidated material in order for the position of maximum
wave effort to retreat inland.
These results are significant because they are the first directly observed and documented short-
term responses following an earthquake-induced fall in relative sea level on a New Zealand MSG
beach. Prior to these results, MSG beach response to an earthquake in New Zealand had only
been observed on a historical time scale. These results contribute to the greater response model
of MSG beaches, in which now the main response trends following an earthquake have been
measured and recorded, as well as decadal response detailed by Single (1985). A continuation
of this research by measuring the Kaikōura coastline annually will mean that the interim gap
of knowledge between short-term response and long-term response can be determined.
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9.2 Limitations
There are several limitations when considering the scope of this research. One main limitation
of this research is that the results produced through the form of conceptual response models
can only be attributed to a MSG beach model, not gravel or sand. The application of the
conceptual response model to different beach types would not represent beach response in that
environment due to the model being based on MSG beach morphology and sedimentology.
Studies which directly address this issue in a sand or gravel beach need to be undertaken to
further understand those response dynamics.
Furthermore, an additional limitation to this research is the inference of the nearshore environ-
ment. Due to the dangerous, high energy wave climate on a MSG beach, nearshore and break
point step survey data is rarely collected, and therefore the model has been informed with
theory rather than field data. The research largely focused on the subaerial response, while
seaward features of this environment were infered for the purpose of the conceptual model. The
nearshore response was out of scope for this research as it largely responds on a longer term
scale, however the collection of this data could further refine the conceptual model presented
in this study.
Another limitation of this research is that research was carried out comprehensively in a large
area, however the response is only valid in a regional context where similar environmental
conditions and settings influence the profiles studied, and consequently the response following
an earthquake. Coastal response was found to be dependent on the environmental conditions
at the profile, and therefore significant differences in environmental conditions would also effect
the response of the MSG beach.
Finally, the time frame of which this study was conducted over was limited, and therefore the
collection of data was also limited. The two year period following the earthquake could only be
represented in this study through the means of two different beach profile surveys, however a
more detailed short-term response model could be developed with a greater number of surveys.
The time constraints on this project means that the beach responses between 2–50 years using
detailed surveying data has not yet been investigated. A continuation of this research or the




Future research stemming from this study could venture into many different fields. The first
being, the continual development of the conceptual response model, through the means of being
able to incorporate nearshore and offshore bathemetry data into the model, and being able to
determine the exact position of the maximum wave effect, to then be able to calculate the rate
at which the nearshore responds in these environments. A continuation of this study could
be carried out to further define the conceptual model presented in this study over the coming
years.
A detailed sediment budget study for Kaikōura also needs to be undertaken to better inform
the conceptual model. It is assumed during this study that the earthquake has increased the
avaliable sediment due to increased sediment coming down the catchment due to landslides
inland, but it not know by how much the sediment budget has increased, or when pulses of
sediment make their way down, how long this will effect the coastline for.
Another area of this study which highlighted the need for further research is the need for more
research on sediment patterns and dynamics on MSG beaches. As detailed in Section 9.2, the
lack of sedimentology data on these beaches meant that normal sediment distributions at each
profile could not be established, and changes from the 1997 sedimentology data could not be
attributed directly to the earthquake or evolution of the profile itself. Further research needs to
be conducted to determine these trends across MSG profiles. Using the DGS analysis methods
detailed in this study could provide a quick collection and processing method to carry this out
and create a long-term data set.
Lastly, an issue encountered in this study was the re-surveying of post-earthquake environments
when the geodetic system had been destroyed. Future research should look into how the geodetic
system can be re-established quickly and accurately after an earthquake, by decreasing the
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A: Annotated cross-sectional beach profile for Environment Canterbury site KCK1870, in Peketa, Kaikōura. Profile 
lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey dashed 




B: Picture of KCK1870 facing South towards the 
Kahutara River. Taken August 22nd 2018. 
 
 
C: Beach profile horizontal width change at the MSL contour 
between 1997 and 2015 for Environment Canterbury site 
KCK1870. 
 
Site description:  
Site KCK1870 is the most southern site of those analysed. It is located approximately 700m north of the 
Kahutara River mouth, on the beach alongside the Peketa Holiday Park. It has an active beach width of 
approximately 100 m, in which the foreshore is extremely dynamic, and in some events has eroded and 
rebuilt 30 m between annual surveys. The MSL excursion plot (C) has shown there is a long term slight 
erosional trend. The profile is aligned in a SE to NW orientation. Wave energy coming from the south may 
be dissipated at this site as there is a small headland just south of the Kahutara River which causes waves 
to refract around it.  
 
Site Statistics (Pre Quake): 
Active beach width 100 m Beach Slope 0.085 
Average berm height 3 m Overall profile trend Dynamic/ weak erosional 
Average storm berm height 6 m Geomorphic group: Wide and Flat 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK2200 near the Kowhai River mouth. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevated post quake profile 
(Grey dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows the 
location in the study area. 
 
  
B: Picture of site KCK2200 facing north. Image Taken 
22nd August 2018. 
 
C: Beach profile horizontal width change at the MSL contour 
between 1997 and 2015 for Environment Canterbury site 
KCK2200. 
Site description: 
KCK2200 is located directly north of the Kowhai River mouth, where a hapua lagoon often intersects the 
profile as the outlet migrates north. The profile is aligned in a SE to NW orientation, but is located at the 
middle/north section of an uninterrupted 5.5 km stretch of the coastline. The location of the profile in close 
proximity to the Kowhai River mouth, which leads to the profile being very dynamic due to sediment fluxes 
coming from the catchment. The active beach profile is 160 m wide, the largest of all of the profiles 
analysed. The foreshore is very dynamic and responsive to large storm events, and changes in sediment 
supply, as shown in the annotated diagram (A). Overall the MSL excursion plot (C) shows a slightly 
eroding profile. 
 
Site Statistics (Pre Quake): 
Active beach width 165 m Beach Slope 0.027 
Average berm height 2.5 m Overall profile trend Dynamic/weak erosional 
Average storm berm height 4 m Geomorphic group: Wide and flat 





A: Annotated cross-sectional beach profile for Environment Canterbury site KCK2470 in South Bay, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). 
 
  
B: Picture of KCK2470 facing South. Picture taken 
22nd August 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK2470. 
Site description: 
KCK2470 is located as the coastline begins to bend around to the meet the Kaikōura Peninsula. It is 
approximately 500 m south of the turn off to South Bay Road. The site has an active beach width of 80 
m, of which the sediment making up the beach profile is well sorted and rounded clasts, due to the 
longshore transport of the sediment coming from the south. Wave energy becomes lower in north 
easterlies at this site due to the shelter from the peninsula The profile is aligned in a North to South 
orientation. The annotated diagram (A) shows an overall trend of accretion across the profile, as shown 
in Figure C, which also shows a strong accretionary trend at the MSL contour.  
 
Site Statistics (Pre Quake): 
Active beach width 70 m Beach Slope 0.107 
Average berm height 3.5 m Overall profile trend Accretionary 
Average storm berm height 6 m Geomorphic group: Medium accreting beaches 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK2486 in South Bay, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows location of the 
site in the study area. 
  
B: Picture of KCK2486 facing north. Picture taken 
22nd August 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK2486. 
Site description: 
KCK2486 is aligned in a SW to NE orientation, and is 125 m north of KCK2470. The site is at the 
northern end of a long stretch of uninterrupted coastline, where the coastline begins to bend around to 
the Kaikōura Peninsula. It has a wide active beach width of 100 m. The site is sheltered from wave and 
wind coming from the north. The beach at this site is made up of well sorted, rounded clasts, as the 
sediment has been transported from sources south of the site. The annotated diagram (A) shows the 
profile has accreted and moved seaward over time, matched by the excursion plot (C) showing there is a 
long term accretionary trend at the MSL contour.   
 
Site Statistics (Pre Quake): 
Active beach width 65 m Beach Slope 0.098 
Average berm height 3 m Overall profile trend Accretionary 
Average storm berm height 6 m Geomorphic group: Medium, accreting beaches 







A: Annotated cross-sectional beach profile for Environment Canterbury site KCK2496 in South Bay, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows location of 
site in the study area. 
 
  
B: Picture of KCK2496 facing South. Picture taken 
22nd August 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK2496. 
Site description: 
KCK2496 is located 70 m north of KCK2486, just south of the South bay turn off. The site is at the end 
of a long stretch of straight coastline, and is aligned in SW to NE orientation, as the coastline begins to 
bend around to the Kaikōura Peninsula. As shown in the annotated diagram (A), the site has an 85 m 
wide active beach profile, which over time has accreted and developed a more defined berm features. 
The MSL excursion plot (C) shows a long term accretionary trend at the MSL contour, which follows 
cyclical behaviour, showing responses to eroding and accretionary events. 
 
Site Statistics (Pre Quake): 
Active beach width 60 m Beach Slope 0.103 
Average berm height 4 m Overall profile trend Accretionary 
Average storm berm height 6 m Geomorphic group: Medium, accreting beaches 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK2510 in South Bay, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows location of the 
profile in the study area. 
 
  
B: Picture of KCK2510 facing south. Picture taken 
April 19th 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK2510. 
Site description: 
KCK2510 is located at the South Bay turnoff, and is aligned in a SW to NE orientation. The site is 
protected from storm events coming from the north, and is an accumulation of sediment coming from 
the south. The sediment at this site is very well sorted and well rounded, as it is transported along shore 
from the Kowhai River and the Kahutara River. The profile, as shown in the annotated diagram (A), has 
an active beach width of approximately 70 m, and has followed a long term accretionary trend, as 
shown in both Figures A and C. While the active beach profile is similar to the sites surrounding it, this 
site has a sparse amount of sediment in its backshore where the beach road and parking area is. 
 
Site Statistics (Pre-Quake): 
Active beach width 60 m Beach Slope 0.134 
Average berm height 2.5 m Overall profile trend Accretionary 
Average storm berm height 6 m Geomorphic group: Medium, accreting beaches 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK2550 in South Bay, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows the location of 
the profile in the study area. 
 
  
B: Picture of KCK2550 facing South. Picture taken 
21st August 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK2550. 
Site description: 
KCK2550 is located at the beach across from the racetrack in South Bay, approximately 300m 
alongshore from KCK2510. The beach is aligned in a SW to NE orientation, and protected from storm 
events coming from the north by the Kaikōura Peninsula. As shown in the annotated diagram (A), the 
foreshore follows a strong accretionary trend, where, similar to KCK2510, the site is a trap from 
sediment moving north from the Kowhai River and the Kahutara River, by longshore transport. The 
active beach profile width is 55 m. Nearby offshore to this site, rock shore platforms are visible. 
 
Site Statistics (Pre Quake): 
Active beach width 50 m Beach Slope 0.152 
Average berm height 3.5 m Overall profile trend Accretionary 
Average storm berm height 6 m Geomorphic group: Medium, accreting beaches 







A: Annotated cross-sectional beach profile for Environment Canterbury site KCK2575 in South Bay, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line).  
 
  
B: Picture of KCK2575, facing South West. Picture 
taken 22nd August 2018. 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK2575. 
Site description: 
KCK2575 is located in central South Bay, and is the last mixed sand and gravel beach site before the 
coastline turns to rock shore platforms and cliffs. The profile is aligned in a WSW to ENE orientation, 
sheltered from storm events coming from the north. The profile is very steep and does not follow the 
typical MSG beach morphology seen in the other sites, as the foreshore is usually steepened and flat, 
with no development of berms. The annotated diagram (A) shows that over time the profile has 
accreted, however the long term trend exhibited at the MSL contour (C) shows a more stable long term 
trend at this site.  
 
Site Statistics (Pre Quake): 
Active beach width 40 m Beach Slope 0.145 
Average berm height 2.5 m Overall profile trend Stable/Weak accretion 
Average storm berm height 4.5 m Geomorphic group: Narrow and steep beaches 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK3659, at Gooch’s Beach, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey dashed 




B: Picture of KCK3659 facing South East. Picture 
taken 23rd August 2018. 
 
C: Beach profile horizontal width change at the MSL contour 
between 1997 and 2015 for Environment Canterbury site 
KCK3659. 
Site description: 
KCK3659 is located at the end of Ramsgate Street on the northern side of the peninsula. The profile is 
aligned in a NE to SW orientation. It is exposed to storms from the north, however is sheltered from the 
peninsula to storms from the south. The beach is narrow and steep, and in the past has exhibited typical 
MSG beach morphology with developed berms. The annotated diagram (A) shows that the whole profile has 
accreted and eroded over time. The MSL excursion plot shows a cyclical, slightly erosional long term trend. 
This site was also affected by the re-nourishment efforts undertaken north of the peninsula, and therefore 
would likely have a long term erosional trend without modification. 
 
Site Statistics (Pre Quake): 
Active beach width 35 m Beach Slope 0.159 
Average berm height 2.5 m Overall profile trend Erosional 
Average storm berm height 4.5 m Geomorphic group: Narrow and steep beaches 





A: Annotated cross-sectional beach profile for Environment Canterbury site KCK3684, at Gooch’s Beach, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows the location of 
the profile in the study area. 
 
  
B: Picture of KCK3684 facing North. Picture taken 
23rd August 2018. 
 
C: Beach profile horizontal width change at the MSL contour 
between 1997 and 2015 for Environment Canterbury site 
KCK3684. 
Site description: 
KCK3684 is located at the end of Brighton Street on the northern side of the peninsula. The beach profile is 
aligned in a NE to SW direction, and is sheltered to storms coming from the south. The profile has an 
active beach width of 30 m. It has several defined berms. The site has been effected by re-nourishment put 
in place over the past two decades. The annotated diagram (A) shows a slightly eroded profile, while the 
MSL excursion plot (C) shows a long term cyclical but stable trend. Without the re-nourishment, it is likely 
this profile would have a long term erosional trend.  
 
Site Statistics: 
Active beach width 30 m Beach Slope 0.14 
Average berm height 2.5  m Overall profile trend Stable/weak erosional 
Average storm berm height 3.5m Geomorphic group: Narrow and steep beaches 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK3712, at Gooch’s Beach, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows the location 
of the profile in the study area. 
 
  
B: Picture of KCK3712 facing north. Picture taken 
August 23rd 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK3712. 
Site description: 
KCK3712 is located at the end of Yarmouth Street. The profile is orientated in a north east direction, 
and is sheltered from storms coming from the south by the peninsula. The profile has an active beach 
width of 35 m, of which the storm berm and the berm positions have been extremely dynamic over the 
analysed period. The annotated diagram (A) shows that over time the profile has followed cyclical 
behaviour, with periods of erosion and accretion. The MSL excursion plot (C) has showed that the MSL 
contour has remained stable with a slight accretionary trend. This site was affected by the re-
nourishment scheme which has effected the long term trend at this site. 
 
Site Statistics (Pre Quake): 
Active beach width 35 m Beach Slope 0.172 
Average berm height 2.5 m Overall profile trend Stable/weak accretion 
Average storm berm height 4 m Geomorphic group: Narrow and steep beaches 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK3737, at Gooch’s Beach, 
Kaikōura. Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation 
profile (Grey dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows 
the location of this profile in the study area. 
 
  
B: Picture of KCK3737 facing north. Picture taken 
August 23rd 2018. 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK3737. 
Site description: 
KCK3737 is located just north of Killarney Street, across from the Takahanga Domain, approximately 
250 m north of KCK3712. The beach is orientated in a north east direction. It has a narrow active beach 
width of 30 m, and was also affected by the renourishment scheme which took place throughout the 
analysed period. The annotated diagram (A) shows that berm is very dynamic and over time has both 
eroded and accreted. The storm berm has stayed in a relatively similar position throughout the 
analysed period, restricted by the building and road behind the storm berm. The MSL excursion plot (C) 
shows the MSL contour exhibits cyclical behaviour, but overall has a stable/slight accretionary trend.  
 
Site Statistics: 
Active beach width 30 m Beach Slope 0.176 
Average berm height 3 m Overall profile trend Stable/weak accretion 
Average storm berm height 4.5 m Geomorphic group: Narrow and steep beaches 





A: Annotated cross-sectional beach profile for Environment Canterbury site KCK3800, at the town centre, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows the location of 
the profile in the study area. 
 
  
B: Picture of KCK3800 facing North. Picture taken 
August 23rd 2018. 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK3800. 
Site description: 
KCK3800 is located across the carpark near the Kaikōura I-Site, across Lyell Creek, and through to the 
beach. The beach is aligned in a NE to SW orientation. The beach has an active profile of 45 m, but its 
backshore is restricted by Lyell Creek and the township located directly behind it. As seen in the 
annotated diagram (A), the profile has overall accreted, but the foreshore is very dynamic. The MSL 
excursion plot (C) shows the beach has cyclical behaviour at the MSL contour, but overall follows a long 
term accretional trend.  
 
Site Statistics: 
Active beach width 45 m Beach Slope 0.187 
Average berm height 3 m Overall profile trend Accretionary 
Average storm berm height 5.5 m Geomorphic group: Narrow and steep 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK3855, at the Whale Watch, Kaikōura. 
Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation profile (Grey 
dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows the location of 
the profile in the study area. 
 
  
B: Picture of KCK3855 facing north. Picture taken 
23rd August 2018. 
C: Beach profile horizontal width change at the MSL contour 
between 1997 and 2015 for Environment Canterbury site 
KCK3855. 
Site description: 
Site KCK3855 is located approximately 500 m north of KCK3800, by Whale Watch Kaikōura. The site has 
only been monitored since 2009. The profile is aligned in an E to W orientation, and has an active beach 
width of 60 m. The beach is restricted landward at this site by a seawall protecting the whale watch 
building, carpark and railway station. The annotated diagram (A) shows that overall the profile has 
accreted, but the foreshore is dynamic. The MSL excursion plot (C) shows an accretionary trend at the 
MSL contour. Sediment supply is transported to this site alongshore south from the Hāpuku River. 
 
Site Statistics:    
Active beach width 60 m Beach Slope 0.111 
Average berm height 3 m Overall profile trend Accretionary 
Average storm berm height 6 m Geomorphic group: Narrow and steep 





A: Annotated cross-sectional beach profile for Environment Canterbury site KCK3950, north of the township, 
Kaikōura. Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation 
profile (Grey dashed line); 2017 Survey (Dashed red line) and 2018 Survey (Solid red line). Inset (top right) shows 
the location of the profile in the study area. 
 
  
B: Picture of KCK3950, facing north. Picture taken 
19th August 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK3950. 
Site description: 
KCK3950 is located at the end of Hawthorne Road. The profile is aligned in an E to W orientation. It 
has an active beach width of 100 m, and a backshore which is also sediment rich, but stable. The 
annotated diagram (A) shows that the beach profile has an overall accretionary trend, however the 
foreshore is very dynamic in the swash zone. The MSL excursion plot (C) shows that the site follows 
an overall accretionary trend, however the MSL contour is extremely dynamic and its position in the 
past has changed significantly in some events from year to year. Sediment is transported alongshore 
to this site south from the Hāpuku River. 
Site Statistics: 
Active beach width 100 m Beach Slope 0.075 
Average berm height 3 m Overall profile trend Dynamic/weak accretion 
Average storm berm height 6 m Geomorphic group: Wide and flat 





A: Annotated cross-sectional beach profile for Environment Canterbury site KCK4220, near the oxidation ponds, 
Kaikōura. Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 elevation 




B: Picture of KCK4220 facing south. Picture taken 
August 23rd 2018. 
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK4220. 
Site description: 
KCK4220 is located near the oxidation ponds, approximately 2.75 km north of KCK3950. The profile is 
orientated in a SE to NW direction, and has an active beach width of 105 m. Over time, as shown on 
the annotated diagram (A), the foreshore is very dynamic, but since 1997 has eroded, while the storm 
berm has accreted since 1997. The profile is very dynamic and exhibits only a slight accretionary trend 
at the MSL horizontal contour (C), however shows the foreshore does not continuously erode or 




Active beach width 105 m Beach Slope 0.080 
Average berm height 5 m Overall profile trend Dynamic/weak accretion 
Average storm berm height 7.5 m Geomorphic group: Wide and flat 





A: Annotated cross-sectional beach profile for Environment Canterbury site KCK4700, south of the Hāpuku River 
mouth, Kaikōura. Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); and 2018 
Survey (Solid red line). The inset (top right) shows the location of the profile in the study area. There is no uplifted 
2015 profile as it was recorded in this study there was no uplift at this site. There was also no 2017 survey at this 
site. 
  
B: Picture of KCK4700 profile facing north. Picture 
taken April 19th 2018.  
 
C: Beach profile horizontal width change at the MSL 
contour between 1997 and 2015 for Environment 
Canterbury site KCK4700. 
Site description: 
KCK4700 is located out the southern edge of the Hāpuku River flood plain. It has a wide active beach 
profile of 110 m. The foreshore is extremely dynamic, as shown in the annotated diagram (A). The 
profile is orientated in a SE to NW direction, and is on the open coastline. The horizontal extent of the 
berm and storm berm are very dynamic, and as shown in the excursion plot (C), the foreshore is 
extremely dynamic at the MSL contour, and has the ability to erode and accrete at significant rates 
between surveys. The close proximity to the Hāpuku River means there is a close sediment source, 
however the close proximity to the flood plain means the changes in the river levels can also affect the 




Active beach width 110 m Beach Slope 0.072 
Average berm height 3.5 m Overall profile trend Dynamic/weak erosional 
Average storm berm height 5.5 m Geomorphic group: Wide and flat 






A: Annotated cross-sectional beach profile for Environment Canterbury site KCK5025, north of the Hāpuku River 
mouth, Kaikōura.  Profile lines include 1997 Survey (Black dashed line); 2015 Survey (Solid black line); 2015 
elevation profile (Grey dashed line); and 2018 Survey (Solid red line). The inset (top right) shows the location of the 
site within the study area. There was no 2017 survey at this site. 
 
  
B: Picture of KCK5025 facing North. Picture taken 
April 20th 2018.  
 
C: Beach profile horizontal width change at the MSL contour 




KCK5025 is located approximately 1.5 km north of the Hāpuku River. The profile is orientated in an E to 
W direction. The beach here is restricted by a carpark located behind the scarp, and SH1 further north. 
The beach has a narrow active width of 30 m, with large scarp face at its landward extent. The beach 
profile here follows a stable, cyclical trend, in which overall the whole profile has accreted, but from year 
to year undergoes periods of erosion and accretion, as seen in the MSL excursion plot (C).  
Site Statistics: 
Active beach width 30 m Beach Slope 0.205 
Average berm height 2.5  m Overall profile trend Erosional 
Average storm berm height 5.5m Geomorphic group: Narrow and steep beaches 
Average beach volume 58 m3           Subcategory: Eroding 
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B Methods for calculating geomorphic paramters
(Figure 4.3) Schematic of a MSG beach profile showing the extent and occurance of the geomorphic parameters
used in the classification of this study in a simplified MSG environment. Adapted from Kirk (1980). Repeated
here from Chapter 4 for convenience.
Beach width
The parameter for beach width in this study was taken from beach profile data collected by
ECan from 1997 to 2015. As shown in Figure 4.3, the measurement is taken from the landward
edge of the beach profile where there was continuous change over the 18 year analysed period
to the mean sea level contour (MSL). The landward extent of this parameter was often similar
to the position of the storm berm.
Beach volume
As shown in Figure 4.3, the volume of sediment at a profile can be calculated using the area
underneath the active beach profile, from the landward extent of the active beach profile to the
MSL contour.
Graphic mean clast size
Mean clast size data was taken from ECan survey data collected in 1997. The graphic mean
is a standard measure of size used for determining overall size, calculated by Folk (1980) equa-
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tion where Mz is measured in phi (Φ) by taking the phi size at the 16
th, 50th and 84th percentile.
Mz =
Φ16 + Φ50 + Φ84
3
(1)
The sedimentology data was collected at the mid tide mark to represent the hydraulic mixing
controls on the foreshore, and another sample collected at the upper foreshore mark to represent
long swashes of storm waves and wind action (McLean and Kirk, 1969).
Sorting
This parameter was determined using the sedimentology data collected by ECan in 1997, taken
from the mid tide and the upper foreshore areas. Inclusive graphic standard deviation was
used to describe the sorting of the samples (Dawe, 1997). The scale used is as described in Folk
(1980), as shown in the table below.
Sorting classification scheme (Folk, 1980)
Beach slope
The beach slope was calculated using the ratio of change of the elevation and across-shore
distance from the average storm berm position, to the MSL contour, and averaging this out
across all years for each profile.
Long-term trend
Long-term trends of the beach profiles were calculated using the MSL excursion points and
beach volume changes from 1997 to 2015, with a linear trend line analysis allied to the resultant
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plot to determine whether the beaches were eroding (negative trend line slopes), stable (flat
trend line), or accreting (positive trend line slopes) over the 18.5 year period.
Berm height
Berm height has been calculated by determining the average berm across-shore and elevation
position for the berm, and taking the elevation of these positions of both the berm and the
storm berm. These elevations were averaged across the 18.5 year period, and the average was
used.
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C Methods for calculating environmental parameters
Grouping using environmental parameters
Determining the environmental parameters to use in this study was a mixture of previous liter-
ature regarding the Kaikōura coastal environment, discussed in Chapter 3. Arbitrary numbers
were applied to each profile based on how they responded to an environmental parameter.
Hinterland type
Hinterland type was determined based on visual field observations of what was occurring in the
backshore of the profile, and what was occurring on a broad scale within the catchment. The
hinterland types attributed to profiles were:
1. Limestone mudstone peninsula




Sediment supply was determined based on what the main source of sediment to the profiles, and
how extensive that supply is. As shown in the literature, the main sediment supply comes from
the Kahutara, Kowhai and Hāpuku Rivers. The sediment supply types attributed to profiles
were:
1. Renourishment
2. Rivers and Creeks (1 main river)
3. Rivers and Creeks (2 main rivers)
Sediment transport
Sediment transport was determined based on the literature, wave refraction modelling and
remote sensing data to determine for each profile what the primary processes was that was
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moving sediment from the main source to the profile. The sediment transport types attributed
to profiles were:
1. Renourishment (artificial)
2. Long shore drift (with wave refraction and swell direction)
3. Long shore drift (with swell direction)
4. Long shore drift (with current and swell direction)
Sheltering from Southerlies and North Easterlies
Sheltering from the southerlies and north easterlies was determined based on where the profile
was located relative to the Peninsula and prevailing wind direction. The sheltering types




Distance to natural sediment source
Distance to a natural sediment source was calculated using ArcGIS, measuring the alongshore
distance from a profile to its closest respective main sediment source. Profiles north of the
Peninsula are measured to the Hāpuku River, and profiles south of the Peninsula are measured
to its closest river between the Kowhai and the Kahutara River.
Distance from the central Peninsula
Distance from the central Peninsula was calculated by measuring from the most eastern point
of the Peninsula, alongshore to each profile using ArcGIS.
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D Sedimentology results
Sedimentology results carried out using DGS analysis in September 2018, showing comparisons between 2018
and 1997 for both Mean Grain Size and Sand/ Gravel composition.
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